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A 21st Century Investigation of the
Lightning Spectrum
In the mid 1960s, Martin Uman, Leon Salanave and Richard Orville laid the

foundation for lightning spectroscopy. They were among the first to acquire time resolved return stroke spectra and the first to use spectroscopy as a diagnostic technique
to characterize physical properties of the lightning channel [1] [2] [3]. Now, almost 50
years later, technology, including CMOS and CCD high speed cameras, volume-phase
holographic (VPH) gratings, and triggered lightning, has progressed to the point at
which new studies in lightning spectroscopy are needed to verify and extend past
measurements. New spectral lines have been discovered in the lightning spectrum as
a result of the modern studies, mainly doubly ionized nitrogen lines which had not
been observed in the past. The modern technique uses CMOS and CCD cameras with
frame rates of up to 1Mfps with exposure down to 0.5 µs. The high frame rate paired
with camera memory enables a view into the quick high temperature heating period
within the first few microseconds of the return stroke, as well as a detailed look at
the cooling period which can last for milliseconds. The spectra are recorded digitally
and discretely, hence the data can be summed to to view different exposure times revealing long lasting low emission lines during the cooling period as well. Spectral line
iv

identification for the natural and triggered lightning are for a range of wavelengths
from soft ultraviolet around 3800 Å to the near infrared at 9500 Å
The first few microseconds of the lightning return stroke spectrum consists
of hydrogen from disassociated water and singly and doubly ionized lines of atomic
atmospheric constituents, i.e. argon, nitrogen, and oxygen. Temperatures calculated
during this period have been measured above 40000 K. The peak temperature is
measured from the first spectrum of the return stroke. After this the channel continuously cools over the lifetime of the return stroke unless there is an increase in the
continuing current. Tens of microseconds after the onset, a cool period in the spectra exists which consists solely of neutral atomic emission lines. The cooling period
temperature measurements begin in the low 20000 K range and decrease slowly over
the course of milliseconds until strength of the emission lines drop below measurement threshold. Besides the return stroke, other specific lightning processes analyzed
include stepped leaders, dart-stepped leaders, and m-components within the continuing current. Stepped and dart-stepped leader spectra consist both of pulsing singly
ionized lines and steadily growing neutral lines. Each step within these processes
cause increased ionization to occur in the channel upward from the step, demonstrating a pulsing temperature throughout the lifetime of these stepped features. Spectra
of the stroke processes, m-components and continuing currents, consist of neutral
atmospheric emission lines and copper emission lines which demonstrate the long duration of the channel milliseconds after the initial stages. These spectra indicate long
lasting low temperatures which should give insight into temperature profiles where
N Ox reactions occur. From the spectra, emission identification and lifetime as well
v
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CHAPTER 1

INTRODUCTION

Lightning is one of the most frequent, highly energetic phenomena on Earth,
with on average 44 flashes occurring per second around the globe [4]. Lightning is an
electric discharge which is both violent and unpredictable. This makes it difficult to
measure by direct physical means. To study the lightning channel, or the path the
discharge takes to ground, in more detail, remote probing is typically used. Measurements of the full range of the electromagnetic spectrum, from radio waves to gamma
rays, have many uses including but not limited to identifying different lightning processes, determining location, and classifying the type lightning. In this study, spectra
from different stages of triggered and natural lightning are investigated. The spectra,
which range from soft ultraviolet to near infrared, yield details about the evolution of
the atomic constituents as well as quantifiable parameters which are used to better
understand the physics within the channel.
Although the dispersion of light into its many components had been observed
for thousands of years, it was not until Isaac Newton’s detailed studies of the sun,
stars, and flames with prisms in the 1600s that the study of spectroscopy was born [5].
Scientists have subsequently studied the spectra of stars, flames, and other luminous
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sources for centuries. Since these first studies of Newton’s, many advances have been
made in spectroscopy including diffraction gratings, identification of atomic emission
lines, and the development of quantum mechanics. Quantum mechanics provides
a theoretical and physical description of the origin of spectral lines and allows for
quantitative analysis of the spectrum.
The first observed lightning spectrum was by an astronomer studying nebulae
in 1868 [1]. The absence of recorded spectra over the next decades was mainly due to
the short duration of the lightning discharge. Prior to 1900, lightning spectra were
characterized visually. Strong persistent emission wavelengths, like those arising from
hydrogen and nitrogen, were identified when compared to spark discharges in air [6].
Ultimately film was used to record lightning, and it was only a matter of time before
the first lightning spectrum was recorded in 1901 [1]. The lightning spectra that did
exist during the early twentieth century were time averaged over multiple flashes and
in some cases even entire storms. Photographic technology would eventually improve
and enable the capture of lightning flashes and later individual strokes within a flash
[7]. Once stroke-resolved photography was possible, ever faster time resolution was
desired so that the temporal evolution of lightning spectra could be studied.
It was not until the 1960s that those studying lightning spectra took advantage
of a new technology, the spinning drum camera, as well as a method developed by
astronomers known as slitless spectroscopy. Two types of spinning drum cameras were
used: spinning film and spinning mirror. With these cameras researchers were able to
achieve time resolutions three orders of magnitude better than previous studies. The
implementation of slitless spectroscopy allowed for photographing lightning channels
2

that were not directly in front of the spectrometer system. Since the lightning channel
is a thin line source, it effectively acts as its own slit. Also without the slit the
throughput of the instrumentation is increased significantly such that dimmer and
farther lightning channels can be recorded.
The first-stroke resolved spectra was recorded by Leon Salanave in 1961 [1].
In fact, his article in Science was the start of a decade of intense research and notable
advances in lightning spectroscopy. In 1963 the first successful quantitative study of
the lightning spectrum was published. It demonstrated how to determine the temperature of the lightning channel using relative line ratios [8]. Maximum temperature,
mass density, electron density, pressure and atomic distributions were the next physical parameters to be mapped out during this same decade. [2] [9] [10]. Once the
physical characteristics of the channel had been established, the information was used
to estimate the conductivity of the lightning channel [11]. Other noteworthy successes
include measurement of the electron density using the Hα line [10], validation of the
optical thinness of singly ionized nitrogen lines [12], and the realization that the continuum radiation was not likely blackbody nor bremsstrahlung [13]. One of the most
significant studies was the dissertation of Richard E. Orville in 1966 [3]. He was able
to measure the spectrum with a 5 µs time resolution. This work was the culmination
of a decade’s worth of research in the field and includes line identifications, theory on
physical parameters, as well as a comparison to spark spectra measured in laboratory.
The first attempt at using another medium besides film also occurred in the
1960s [14] [15]. Phillip Krider sought to determine temperatures of the return stroke
using photomultiplier tubes with filters to measure the luminosity in different regions.
3

Although there were limitations to the system, it was the first study to use photoelectric measurements of the spectrum. After this decade only a few papers were
published on the subject of lightning spectroscopy, most notably concerning the initial stages in the development of the lightning channel [16] [17] and another extending
the spectrum out into the infrared to 1400 nm [18]. In the last 50 years numerous
advances both in photography and lightning science have occurred and are the main
reasons for re-approaching the subject after almost half of a century. These advances
will be discussed; however, first a fundamental understanding of lightning physics is
essential.

1.1

Lightning

Different types of lightning have been identified: cloud to ground (both positive
and negative), intracloud (both positive and negative), intercloud(both positive and
negative), and triggered. Only negative cloud to ground and triggered lightning are
discussed in detail in this dissertation. Storms that produce lightning have undergone
a charging process that separates charge within the cloud, typically with a lower
negative charge region and an upper positive one. This charge separation generates a
strong electric field, which when strong enough leads to preliminary breakdown of the
air. The exact details of this breakdown process are under investigation. For cloud
to ground lightning, preliminary breakdown occurs in the negatively charged region
and begins propagating downward towards the ground in luminous steps which are
typically tens of meters long and traveling on the order of 105 m/s . This process
creates a plasma channel known as a stepped leader, ionizing the air surrounding it
4

as it travels downward. The freed electrons are deposited along the channel as the
stepped leader propagates. As the stepped leader nears the ground, it induces a large
positive charge region at the ground. An upward propagating positive leader usually
develops from objects near the ground such as trees, antennae, etc. When these two
leaders attach, a high current discharge travels to ground. A luminous wavefront
travels up the channel and into the cloud. The negative charge that was deposited
along the channel cascades downward thus transferring charge from the cloud to the
ground. The upward illuminated discharge can travel at speeds > 108 m/s . This is
the first return stroke. After the return stroke the air in the channel to ground is hot
and conductive, although slowly cooling. If there is enough charge remaining in the
cloud, a dart leader can form and often follows this same path to ground. This dart
leader travels downward at a speed ≈107 m/s , much faster to ground than the stepped
leader because the remnant channel left over from previous return strokes remains
somewhat conducting. A lightning flash consists of one or more of these return stroke
processes. The entire stroke process typically lasts a few milliseconds with tens of
milliseconds between each subsequent return stroke. A flash with multiple return
strokes will be completed in typically < 1 s. An illustration of this process is shown
in Figure 1.1.
Natural lightning is very unpredictable, both in location and time of occurrence. A method known as triggered lightning was developed to initiate a lightning
flash at predetermined location and predictable time. The method described herein
is that used by the International Center for Lightning Research and Testing (ICLRT)
in Starke, FL. This allows for any research equipment to be appropriately positioned
5

Figure 1.1: Lightning processes diagram.
In this image from Uman’s
The Lightning Discharge, the processes involved in a lightning flash are demonstrated
from charge separation to multiple return strokes [19].

6

for optimum data collection. Rocket triggered lightning occurs in much the same way
as natural lightning. The main difference between triggered lightning and natural
lightning is in the initial stages. In triggered lightning a spooled 700 m grounded
copper wire is attached to a rocket which is fired into the air traveling 200 m/s . This
essentially raises the ground potential toward the lower negative charge region in the
cloud, greatly increasing the electric field at the tip of the rocket, often causing an
upward positive leader (UPL) to propagate from the end of the wire towards the
negative region. The UPL delivers charge down the grounded copper wire vaporizing
it in the process, and after approximately 40 ms the channel transitions into the
ICC (Initial Continuing Current) stage. The process comprised of the UPL and the
ICC is called the initial stage, or IS. The current during the ICC is typically low
and can last for hundreds of milliseconds. After the ICC fades, channel remnants
remain. The IS essentially serves the same function as the first return stroke but
is inherently different. Next, a dart leader follows the conducting path to ground.
There are three types of dart leader processes: dart leader, chaotic dart leader, and
dart-stepped leader. The dart leader is a quick continuous process that goes through
the previous channel, the dart-stepped leader steps in large jumps down the channel,
and the chaotic dart leader falls somewhere in between the others. An electric field
record is used by the ICLRT to determine the type of dart leader. Following the dart
leader is the return stroke which travels up the channel. The dart leader/return stroke
processes behave like subsequent strokes in the natural lightning channel, i.e. dart
leaders followed by return strokes. These components are most like natural lightning
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and are the ones studied in detail. In Figure 1.2, the process described previously for
triggered lightning is mapped out.
Since the lightning discharge happens in the atmosphere the excited atoms
are those found in air, which is composed primarily of nitrogen (78.09%), oxygen
(20.95%), and argon (0.93%). Air in a thunderstorm is particularly humid and water vapor can make up a significant percentage (up to 2-3%). In natural lightning,
emissions often include the Balmer series of hydrogen, in particular Hα and to a
lesser degree Hβ. Hydrogen is present due to the disassociation of water vapor by the
lightning channel. In triggered lightning, below the junction point where the upward
leader begins the IS spectrum is dominated by copper emission lines because this stage
is primarily hundreds of meters wire burn. Above the junction, the spectrum mimics
that of the natural channel. The channel is energetic enough that there are multiple
stages of ionization present. In order to identify the atom and ionization stage which
is being discussed a nomenclature developed by atronomers is used. First, the atomic
abbreviation for the element is used, i.e. N for Nitrogen, O for Oxygen, etc. After
the atomic symbol will follow a roman numeral which denotes the ionization stage,
i.e. N I is neutral nitrogen, N II is singly ionized nitrogen, etc.
By combining the spectral data with theories from quantum and statistical
mechanics, physical variables, such as temperature, electron number density and conductivity can be calculated within the channel over the lifetime of the lightning return
stroke. The results from analysis of several lightning spectra are presented here. These
spectra include stepped-leaders, dart-stepped leaders, anomalous triggered strokes,
and both natural and triggered strokes.
8
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Figure 1.2: Triggered lightning processes diagram. In this image from Rakov and Uman’s Lightning: Physics and Effects, the
processes involved in a triggered lightning flash are demonstrated from rocket launch to first return stroke [20].

CHAPTER 2

THEORY

Natural lightning is a violent rapid electrical phenomenon in Earth’s atmosphere which is very difficult to measure directly. Spectroscopy is used to remotely
probe the lightning channel. Although the lightning spectrum tells us much about the
constituents within the channel, i.e. what atoms are being excited and their ionization
states, it can also be used to determine information about the environment. Lightning temperature, number density, and the abundance of the atomic constituents can
all be determined. From these measurements along with those obtained from other
direct measurements of triggered lightning such as current; conductivity, pressure, as
well as other properties of the channel can be calculated. All of this information is
informative about the development and propagation of lightning, and it is used as a
guidepost for choosing variables within many of the theoretical models used to better
understand lightning such as gas dynamic and electromagnetic models.

2.1

Temperature

Temperature is one of the most important physical parameters used to understand the processes occurring within the lightning channel. The lightning channel
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must meet a few criteria in order for the spectral based calculation of the temperature
to be meaningful: (a) the channel must be optically thin, (b) the region of the channel
cross section must be at a relatively uniform temperature, and (c) the discrete atomic
energy levels of the transitions for the lines used in the temperature measurement
must be populated according to Boltzmann statistics. Condition (c) can be more
restrictive to include that the channel be in local thermodynamic equilibrium (LTE).
In this case the channel temperature would be a true thermodynamic temperature,
instead of the electron temperature. To simplify a preliminary description of the
theory, these assumptions will be incorporated, and their validity discussed later.
In thermal equilibrium the population of a certain atomic energy level, n,
within an ionization state is governed by Boltzmann’s law

Nn = No

h  i
gn
n
exp −
,
B(T )
kT

(2.1)

where Nn is the number density (cm−3 ) of atoms in energy level n, No is the
total number density (cm−3 ) of atoms, n is the excitation energy (eV ) of the nth
level, k is the Boltzmann constant (eV K −1 ), T is the electron temperature (K), gn is
the statistical weight of the level, and B(T ) is the partition function. The partition
function describes the statistical properties of all the energy levels, where as the
statistical weight of the level is a indication of the degeneracy of a specific state.
If the lightning channel is optically thin, then the light being emitted from the
channel is coming directly from the excited atoms. This implies that the light is not
being absorbed and re-emitted by other atoms within the channel. The line intensity
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(W att m−3 ) from an optically thin gas per unit volume at uniform temperature and
density due to transitions from level n to r is

Inr = CNn Anr hνnr ,

(2.2)

where Anr is the Einstein emission coefficient (s−1 ) which is the probability per unit
time that an atom in a energy state will spontaneously emit and transition to a lower
energy state, νnr is the frequency (s−1 ) of the emitted photon, h is Planck’s constant
(eV s), and C is a geometric factor. Combining (2.1) and (2.2) the line intensity can
be written as

Inr =

h  i
CNo gn Anr hνnr
n
exp −
.
B(T )
kT

(2.3)

For a different transition within the same atomic species, i.e. from level m to p, in
the same ionization state the intensity is

Imp =

h  i
CNo gm Amp hνmp
m
exp −
.
B(T )
kT

(2.4)

By combining (2.3) and (2.4) the ratio of the line intensity of the transition from n
to r to the line intensity of the transition from m to p is



gn Anr νnr
n − m
Inr
=
exp −
,
Imp
gm Amp νmp
kT
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(2.5)

which can be solved for the temperature,

T =

m − n
.
k ln (Inr gm Amp νmp /Imp gn Anr νnr )

(2.6)

Equation (2.6) shows that temperature can be inferred from the ratio of intensities of
two spectral lines, if they are emitted by the same ionization state of the same atomic
species in an optically thin gas [3] [8]. All the atomic parameters, i.e. gn , Anr , n ,
and νnr , for these calculations can be found in tables [21] [22].
Some spectral features are made up of multiple atomic emissions due to the
limited resolution of the instrumentation. This is the case with the singly ionized
nitrogen multiplets at 4630 Å and 5000 Å as well as the oxygen line at 7774 Å. Temperature measurements in these cases need to take into account the multiple lines
under examination. Note that this direct method is only valid if the multiple lines
are from the same atomic species and ionization state. The intensities of the emission
lines would be summed to get the total intensity and the method for determining
the temperature would follow as before. An example case where one emission feature
is comprised of three emission lines and the other is comprised of only one can be
written as

−1

−2

−3

I1 + I2 + I3
g1 A1 ν1 exp kT +g2 A2 ν2 exp kT +g3 A3 ν3 exp kT
IT
=
=
.
−4
I4
I4
g4 A4 ν4 exp kT
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(2.7)

In (2.7), IT is the total intensity, and I1 , I2 , I3 , and I4 are all individual line intensities.
Line ratios for two sets of lines up to 50000 K can be seen in Figure 2.1 and Figure 2.2.
Figure 2.1 shows the temperature calculation between two singly ionized nitrogen
lines. This relates to measurements within about the first 20 microseconds of the
return stroke. Figure 2.2 is the temperature from two neutral oxygen lines and is
associated with measurements after the singly ionized lines have decreased below
threshold and lasts while both lines are still visible which is typically hundreds of
microseconds.
To determine the uncertainty in the temperature measurements, a procedure
known as error propagation is performed on the temperature equation [23]. Equation
(2.6) can be simplified as

T =

m − n
,
k ln (RGAmp /Anr )

(2.8)

where R = Inr /Imp and G = (gm νmp )/(gn νnr ).
The general formula for the temperature error by propagation, assuming the
variables are uncorrelated, is

2

δT =



∂T
∂R

2

2



∂T
∂Amp

2



δA2mp

+

∂T
m − n
=
∂R
k (ln (RGAmp /Anr ))2



δR +

∂T
∂Anr

2

δA2nr .

(2.9)

The partial derivatives present in (2.9) are
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−1
R


,

(2.10)
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Figure 2.1: Singly ionized nitrogen line ratio versus temperature. The resulting ratio of the singly ionized nitrogen lines 6610 Å
and 6482 Å for temperatures up to 50000 K derived using (2.5).
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Figure 2.2: Neutral oxygen line ratio versus temperature. The resulting ratio of the neutral oxygen lines 7157 Å and 7774 Å
for temperatures up to 50000 K derived using (2.7).

∂T
m − n
=
∂Amp
k (ln (RGAmp /Anr ))2



∂T
m − n
=
∂Anr
k (ln (RGAmp /Anr ))2



−1
Amp


,

(2.11)

.

(2.12)

and



1
Anr

Combining (2.9), (2.10), (2.11), and (2.12) gives

m − n
δT =
k [ln (RGAmp /Anr )]2

"

δR
R

2


+

δAmp
Amp

2


+

δAnr
Anr

2 # 12
.

(2.13)

The uncertainty in temperature is then

1
δT
=
T
ln (RGAmp /Anr )

"

δR
R

2


+

δAmp
Amp

2


+

δAnr
Anr

2 # 12
.

(2.14)

From (2.14) it is clear that the relative uncertainty is a function of the error
in the ratio as well as the error in the Einstein coefficients. Most Einstein coefficients are known within 3 − 10% accuracy [21]. The uncertainty in the line intensity
measurements varied between 1 − 10% depending on how strong the measured line
was relative to the background noise level. For temperatures derived from the singly
ionized lines uncertainties ranged from 10 − 20%. The lowest error occurs when the
lines are at their brightest during the peak temperature. The error increases as the
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lines fall near the background threshold when the measurement error is at its greatest.
The neutral temperature measurements fell within 15 − 20%. The same logic applies
to the neutral lines, however in this case the 7147 Å line is much nearer to background
levels than the 7774 Å. This is the reason that the percentage range is higher and
does not change as much.

2.2

Line Broadening

Every spectral line has a certain amount of broadening associated with it,
whether it is inherent or an effect of the environment. The four main mechanisms affecting the shape of the emission lines of the lightning spectra are natural broadening,
Doppler broadening, collisional broadening and pressure broadening. Each of these
broadening mechanisms reveal information about the physical characteristics of the
emission environment. In particular, pressure broadening is related to the electron
number density. The broadening mechanisms are discussed here to illuminate how
much each affects the shape of the emission line.

2.2.1

Natural Broadening
Natural broadening is due to the uncertainty in the energy of the quantum

state of the atom. The uncertainty is given by the Heisenberg Uncertainty Principle
by

∆E ≈

h
,
2π∆t
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(2.15)

where h is Planck’s constant, and t is the lifetime of the excited state of the atom.
The uncertainty in wavelength is then given by

λ2
∆λ ≈
2πc



1
1
+
∆ti ∆tf


,

(2.16)

where ti and tf are the lifetimes of the initial and final states of the transition
(s), if the final state is the ground state then the tf expression can be ignored, λ is
the central wavelength (Å), and c is the speed of light (m s−1 ) [24]. For the hydrogen
transition at 6563 Å , or Hα, the lifetimes of the excited states are approximately
10−8 seconds , so the natural broadening is about 0.00046 Å .

2.2.2

Doppler Broadening
Doppler broadening is a result of the thermal motion of the radiating atoms

relative to the observer. In thermal equilibrium, atoms in a gas move randomly with
speeds described by the Maxwell-Boltzmann distribution function. This expression
gives the probability, per unit speed (m s−1 ), of finding the particle at a certain
velocity, v,

 m  23
mv 2
4πv 2 e− 2kT ,
f (v) =
2πkT

(2.17)

where v represents the velocity of the particles (m s−1 ), m is the mass (kg), k is the
Boltzmann constant, and T is the temperature [25]. The most probable speed of this
distribution is
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v=

2kT
m

 12
.

(2.18)

The emitted wavelengths of light from the atoms traveling at these velocities are
Doppler shifted by

∆λ
|v|
=± ,
λ
c

(2.19)

where λ is the wavelength of the emitted light and c is the speed of light [24]. By
combining the Doppler shift equation with the most probable speed, an expression
for the broadening of the width of the spectral line is

2λ
∆λ ≈
c



2kT
m

 12
.

(2.20)

Doppler line profiles have the shape of a Gaussian distribution for radiators at thermal
equilibrium. If the velocities toward and away from the detection location are taken
into account the full width half-maximum of the of the Gaussian line profile for
Doppler broadening is given by



2kT ln 2
(∆λD ) 1 = 2
2
M c2

 12
λo ,

(2.21)

where λo is the unshifted wavelength and M is the radiator mass (kg) [24] [26]. The
Doppler broadening effect on the Hα emission is a line width between 0.25 − 0.71 Å ,
assuming a temperature range of 5500 − 44000 K .
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2.2.3

Collisional Broadening
Collisional broadening is caused by the interaction of the radiating atoms with

the surrounding particles. Collisional broadening depends on physical interaction with
other particles within the channel. Collisional broadening occurs when the orbitals
of an emitting atom are perturbed in a collision with another atom. Calculating the
precise width of this line can be quite complicated, so assumptions will be made to
make an approximation on the size of the collisional broadening effect. In order to
determine the broadening, an estimation of the time between collisions is necessary.
But first, it is necessary to determine the mean free path and average speed of the
atoms. The mean free path is

l=

1
,
ne σ

(2.22)

where ne is the electron number density, and σ the collision cross section [24]. For
hydrogen, σ can be calculated as

σ = π(2ao )2 = 3.52 ∗ 10−20 m2 ,

(2.23)

where ao represents the Bohr radius. Now, by combining the mean free path and the
speed given earlier by (2.18), the average time between collisions can be calculated
as
∆to =

l
1
q
=
.
v
2kT
nσ m

The width of a line due to collisional broadening can now be written as
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(2.24)

λ2 1
λ2 nσ
∆λ =
=
c π∆to
c π



2kT
m

 12
,

(2.25)

where λ represents the central wavelength and c the speed of light [24]. By choosing
appropriate values for the number density (5 ∗ 1023 m−3 ) and temperature (30000 K),
an estimate of the broadening due to collisions for the Hα line is about ∆λ = 0.002 Å.

2.2.4

Stark Effect
Another mechanism which can affect the shape of the Hα line profile is the

Stark effect. The Stark effect occurs as a result of an electric field breaking the degeneracy of the energy levels of the radiating atom, giving rise to transitions between
the new energy levels in each state. These new emissions are slightly offset from the
original emission line and are directly related to the size of the electric field present.
A quantum mechanical treatment of the Stark effect follows.
The change in the Hamiltonian of the system is

H 0 = −eF z = −eF r cos θ,

(2.26)

where e is the charge of an electron and F is the electric field. This perturbation
effects both the n = 2 states of the hydrogen atom as well as the n = 3 states,
so the energy corrections must be calculated for both. The first order perturbation
theory results in an energy of E 0 = 0 for n = 2 and n = 3. However, the second
order perturbation for both n = 2 and n = 3 breaks the n2 degeneracy for some of
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the energies. For n = 2, the second order perturbation can be found in quantum
mechanics textbooks [27]. The correction to the four degenerate energies are

E20 = 0, 0, −3|e|F ao , 3|e|F ao ,

(2.27)

where ao is the Bohr radius. After setting up the 9x9 matrix for the nine-fold degeneracy of the energies for n = 3, the second order perturbations for the energies
are solved. Each state is represented as |nlml >, where n is the state, l is the orbital
number, and ml is the magnetic quantum number. After solving the integrals,the
roots of the matrix equation are determined. Note that states with differing ml values will disappear due to the orthogonality of states. From the matrix equation the
values of the second order correction to the energy are

9
9
9
9
E30 = 0, 0, 0, − ao |e|F, − ao |e|F, ao |e|F, ao |e|F, −9ao |e|F, 9ao |e|F.
2
2
2
2

Now,

consider the two transitions E3o + 9ao |e|F

⇒

(2.28)

E2o − 3|e|F ao and

E3o − 9ao |e|F ⇒ E2o + 3|e|F ao . These are the two extreme cases of the shift. First,
the energy difference between the two energy levels is calculated as

E = E3o + E31 − (E2o + E21 ) = E3o − E2o + E31 − E21 .
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(2.29)

In the final form, notice that the first two terms are the original transition energy,
and the final two terms are the new perturbed energy. By substituting our highest
and lowest energy perturbations, the most offset emissions are arrived at as follows

hc
= 1.8913eV + 9ao |e|F − (−3ao |e|F ) = 1.8913eV + 12ao |e|F
λ

(2.30)

hc
= 1.8913eV + (−9ao |e|F ) − (3ao |e|F ) = 1.8913eV − 12ao |e|F.
λ

(2.31)

and

The electric field near lightning leader tips has been estimated to be about 1MV/m [28] [29].
Using this field strength the wavelength differences are determined to be ∆λ =
−4.96 Å and ∆λ = 4.96 Å respectively. This will produce lines at λ = 6557.84 Å and
λ = 6567.76 Å which are Stark shifted from Hα at 6562.8 Å . The electric field which
causes the Stark effect within the lightning channel can be a field which is external
to the hot plasma channel such as from the coronal sheath surrounding the channel
or internally from the electric field due to the free electrons. When it is due to the
internal electric field it is known as Stark broadening.
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2.2.5

Stark Broadening
Stark broadening is a pressure broadening mechanism which is caused by the

Stark effect. This broadening arises due to the interaction of emitting atoms with
charged particles within the plasma. Electric microfields of neighboring charged particles cause a perturbation in the energy levels of the emitters [26] [30]. Essentially,
there is a distribution of electric fields affecting the emitting atom which results in a
continuum of Stark effects. All of the transitions between the new energy levels add
up to create a broadened emission line. Using perturbation theory one can make an
estimate of the Stark shifts for the Hα emission and thus the broadening. For development of this theory one is directed to ”‘Spectral Line Broadening By Plasmas”’ by
H. Griem [31]. For number densities in the range of 1022 -1025 m−3 the linewidth, or
FWHM (full width half max), is from 5-300 Å [30]. It is possible that both internal
(Stark broadening) and external (Stark effect) electric fields are affecting emitting
atoms. This would result in an enhanced broadening since both mechanisms would
add to the shape of the line. This is particularly of interest during the early stages
of development when the line is very broadened.
A summary of the effects of these different broadening mechanisms can be
found in Table 2.1.
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Table 2.1: Effects of Different Broadening Mechanisms
on Hα

Broadening Mechanism Wavelength Broadening (Å)

2.3

Natural

0.00046

Doppler

0.71

Collisional

0.002

Stark Broadening

5-300

Electron Number Density

There are two methods for estimating the electron number density. The first
is to compare experimental profiles of Hα with those produced by Griem [26]. The
second is using the Saha-Boltzmann equation. Stark broadening results from the
interactions of the radiating hydrogen with the electric field due to the charged particles within the lightning channel. The amount of Stark broadening is dependent on
the charged particle densities and a weak function of the temperature. Analysis of
this Stark effect on the Balmer series of hydrogen and other lines was done in the
1960s; however, over the years others have used computer models as well as advanced
experimental techniques to advance the work of Griem including adapting the models
to take into account quasistatic ion and impact-electron-broadening effects [26] [30].
The equation for number density is
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ne = 8.02 × 1018

∆λ 1
2

α1

! 32
m−3 ,

(2.32)

2

where ∆λ 1 is the FWHM of the Hα emission line and α 1 the reduced wavelength
2

2

from Griem’s treatment of Stark broadening [30] [31].
The second method, the Saha-Boltzmann equation, requires that the lightning
channel be in LTE. The equation has the form

ne =

h χ i
i+1
Ni 2
3/2 B
(2πmkT
)
exp
−
m−3 ,
N i+1 h3
Bi
kT

(2.33)

where ne is the electron density, the superscripts are the state of ionization of the
atom, χ is the ionization potential form the ith to the (i + 1)th ionization state, and
m is the electron mass. To determine the electron density, first, write the ratio of line
intensities of neutral atoms (e.g. neutral nitrogen atoms NI) to singly ionized atoms
(e.g. NII) using (2.3) as

Ii
Ii+1



Ni gi Bi+1 Ai νi
(i+1 − i )
=
exp
,
Ni+1 gi+1 Bi Ai+1 νi+1
kT

(2.34)

Then solve for Ni /Ni+1 , and substitute the expression into (2.33). The number density
becomes a function of temperature, line intensity ratio, and atomic parameters [32],



i − i+1 − χ
Ii 2
3/2 gi+1 νi+1 Ai+1
ne = i+1 3 (2πmkT )
exp
m−3 .
I h
gi νi Ai
kT
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(2.35)

2.4

Resistivity

When an electric field is applied to an ionized plasma, the positively charged
ions and electrons are accelerated in the same and opposite direction of the electric
field, respectively. This produces an electrical current in direction of the electric field,
which is impeded by Coulomb collisions between electrons and ions and collisions
between electrons and neutral atoms if the plasma is not fully ionized. At equilibrium
the explicit form of Ohm’s law is valid, the Electric field and current are proportional,
i.e.

E = ηj,

(2.36)

where is E is the electric field, j is the current, and η is the resistivity. Typically
the resistivity is a tensor with off diagonal elements which are due to the drift of the
electrons and is influenced by the local magnetic field.. A previous study showed that
the since the effective collision frequency is much larger than the electron cyclotron
frequency, the magnetic field within the stroke has little effect on the properties of the
discharge [11]. Thus the resistivity is represented by a scalar, and for the calculations,
the magnetic field is assumed to be negligible. The generalized force equation can be
written as

me

Due
= −e(E + ue × B) + (Fcoll )N,
Dt
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(2.37)

where me is the mass of electron, e is the charge of the electron, B is the magnetic
field, ue is the velocity of the electron, and F is the collisional force. The collisional
force can be written as

Fcoll = −me hνei i (ue − ui )N,

(2.38)

where νei is the collisional frequency and ui is the velocity of the ions. We can write
the current density as

j = −ne e(ue − ui )

A
.
m2

(2.39)

Now solve for the steady state equation with no magnetic field,

0 = −eE − me ne hνei i (ue − ui ).

(2.40)

Solve for the velocity difference in (2.39) and substitute into the previous
equation and rearrange to arrive at

E=

me hνei i
(ue − ui ).
e

(2.41)

Now compare this equation to the Ohm’s law stated above in equation (2.36), and
note that
η=

me hνei i
Ωm.
ne e 2
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(2.42)

The unknowns in (2.42) for resistivity are electron-ion collisional frequency and electron number density [33]. The collisional frequency is

νei =

ni e4 ln Λ −1
s .
4π2o m2e v 3

(2.43)

In (2.43) ni is the ion population, e is the charge of the electron, Λ is the plasma
parameter which is related to the Debye length, o is the permitivity of free space, and
v is the velocity of the particles. By substituting for the velocity with the Maxwell
Boltzmann average velocity and inserting the collisional frequency from (2.43) into
(2.42) the following equation for resistivity emerges,

3 ni
e2 ln Λ  mπ  12
(kT )− 2 Ωm.
η=
2
64o
2
ne

(2.44)

The unknowns in (2.44) are T which is the temperature and ne and ni , the electron
and ion population densities. The ratio of the populations of electrons to ions can be
found in Gilmore’s tables of air up to 24000 K where he lists the constituents of air
at different temperatures [34]. The two measured values that are needed to complete
the calculations above are T and ne which is present in the plasma parameter, Λ.
For neutrals and electrons, the method is similar. The following equation is
arrived at as before,
η=

me hνen i
Ωm
ne e2
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(2.45)

however the collisional frequency is for actual collisions and not Coulomb collisions.
This is derived by taking the mean free path, dividing it by the average velocity of
the electrons, and then inverting it to arrive at

νen =

2
π



1
2

2KT
m

 12

nn σcs s−1

(2.46)

where, σcs is the collisional cross section of the atom. Substituting (2.46) into (2.45)
for the resistivity results in

2σcs
η= 2
e



2kT me
π

 12

nn
Ωm.
ne

(2.47)

Once again we have an equation which is only dependent on the measured value of T ,
σcs can be found in tables, as can the ratio of neutrals to the electrons from Gilmore’s
tables [34]. It is typical to report values of conductivity, which is the inverse of the
resistivity.

2.5

Physical Parameters from Air Composition

Most of the physical parameters previously discussed have been calculated
directly from the lightning spectra. However, the following characteristics of the
lightning channel use Gilmore’s tables of properties of air up to 24000 K. Pressure
can be determined within the channel, assuming the ideal gas law is valid. The ideal
gas law is

P = nkb T,
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(2.48)

where the temperature is calculated from (2.6) and number density is calculated from
either (2.35) for times near the onset of the return stroke or (2.32) after ionized lines
receded. (2.48) gives the electron pressure within the channel. The total channel pressure or heavy ion pressure can also be calculated. In order to determine composition
of the channel from the air tables, the density ratio, ρ/ρo ,where ρ is the mass density
of the channel and ρo = 1.29 × 10−3 gm/cm3 is the mass density at STP (standard
temperature and pressure) must be determined. First, a plot of NI /NII vs. ρ/ρo can
be constructed from Gilmore’s air table for 24000 K, presented here in Figure 2.3.

Figure 2.3: NI /NII vs. ρ/ρo for 24000 K. The ratio of neutral nitrogen atoms to
singly ionized nitrogen atoms versus mass density ratio at 24000 K

By rearranging (2.33), an expression for NI /NII can be obtained and calculated using data from the spectrum. The value calculated was 0.47 and is plotted
as the black dot in Figure 2.3. This corresponds to a mass density ratio of 0.3, but
the closest corresponding value in the tables is 0.1. Listed below in Table 2.2 are the
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particles and their corresponding number per air atom for air at 24000 K and mass
density ratio of 0.1. The pressure ratio of electrons to atoms is equal to ratio of the
number of electrons to the number of total atoms. Using the information provided, it
is determined that the Patoms = 1.23Pe . Percent ionization and relative populations
of atomic constituents in can also be found or calculated from the tables [9] [34] [35].
Calculations based on Gilmore’s tables are possible when the temperature is under
24000 K, which is the maximum temperature used to formulate the tables.

Table 2.2: Particles and Number Per Air Atom at 24000
K and Mass Density Ratio of 0.1

Particle

Number per air atom

electron

8.10E-1

NI

1.41E-1

NII

6.43E-1

NIII

8.95E-4

OI

5.03E-2

OII

1.60E-1

OIII

7.85E-5

AI

4.40E-4

AII

4.20E-3

AIII

5.2E-5
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2.6

Calculation Assumptions

The previous theory presented was based on three major assumptions stated
in Section 2.1. These three assumptions were that (a) the channel is optically thin
from the radiated emissions being measured, (b) the channel temperature was uniform
along the cross section of the emitters location, and (c) that the levels leading to the
transitions were populated according to Boltzmann statistics, where in another more
strenuous assumption that LTE exists in the channel which would indicate the measured temperature would not only be the electron temperature but a thermodynamic
temperature as well.

2.6.1

Optical Thickness
The first assumption made in the calculations is that the plasma channel is

optically thin. Optically thin means that the electromagnetic radiation, or in this
case the atomic emissions, will pass through the plasma, or the lightning channel, to
the spectrometer without being absorbed. Because the light is not being absorbed
but coming directly from the emitters, it means the temperatures from the center
of the lightning channel are being measured just as equally as those on the edges.
This allows for the use of relative intensities and oscillator strengths to determine
the temperature. If it is not optically thin, the calculations will relate to a surface
temperature, which would be less than one taken at the center. To determine if the
lightning channel is optically thin, spectral line profiles with high resolution must
34

be acquired. If the channel is optically thin, the line profiles will have sharp peaks
and not flattened like those of optically thick emitters [8]. If the atoms were optically
thick emitters then the lightning channel would be emitting as a black body. Another
way to check optical thickness of the lightning channel is to compare the intensities
of several lines within a multiplet. Since the multiplets have the same upper energy
levels this would imply that the intensity ratio of the two lines would be

gn Anr νnr
Inr
=
.
Imp
gm Amp νmp

(2.49)

If the channel is optically thin, then the ratio should be constant throughout the
lifetime of the stroke. Measurements of the opacity for certain singly ionized nitrogen
lines have been made and analyzed. The nitrogen lines were found to be optically
thin for the majority of the time the radiation was emitted [12]. However, there were
also deviations from optical thinness in the early part of the discharge, but it was
concluded that greater spectral dispersion is needed to check optical thickness over
time [3]. According to theory, the lightning channel should have a diameter on the
order of a millimeter for a channel temperature of 30000 K and less than a centimeter
for 20000 K [12]. Lightning channel measurements and inferences on channel diameter place channel diameter initially significantly smaller than a centimeter increasing
to the order of a centimeter over the lifetime of the stroke [36]. With current assumptions it would seem the channel is optically thin except possibly during the initial
microseconds of the return stroke.
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2.6.2

Channel Uniformity
The second assumption made was that the channel must have a relatively

uniform temperature. This implies that the radiation that is being measured is coming
from a single temperature distribution. If not then the calculations from the measured
lines would be an average rather than the actual temperature. It is not practical as
of now to measure the radiation as a function of radial position within the channel.
The calculations are made with the assumption that in a small cross section of the
channel the physical conditions are constant. The actual profile of the channel is
determined by the dominant method of heat transport from the channel. If thermal
conduction dominates, then the temperature will necessarily have a gradient, i.e. the
temperature will decrease with increasing radius. If, however, the radiation that
escapes the channel is the dominant energy loss mechanism, the temperature profile
will be flat. The temperature profile is expected to change with time [36]. During
the earlier parts of the return stroke, while temperatures are calculated, radiation is
the dominant loss mechanism. However, during the final stages once the emissions
are ceasing, thermal conduction may play a greater roll, and in this case the channel
temperature will be an average rather than a single temperature [12].

2.6.3

Boltzmann Population and LTE
The third and arguably most important assumption is that the transitions

leading to the emitted line radiation are populated according to the Boltzmann statistics. This will be true if for the levels the transitions come from the collisional-rate
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processes (electron-ion collisional excitation and de-excitation) dominate the radiative process (radiative decay and recombination) [26]. For a fixed electron density and
electron temperature, there is an energy level above which a Boltzmann distribution
of the bound energy levels exist and below which one does not. In the hydrogenic approximation, collisional rate processes increase as energy level spacing decreases while
the opposite occurs with the radiative decay rates [26] [32]. The result of this is that
the total collisional rate should be much greater than the total Einstein transition
probability for each state, m to n, being measured or

X

Cmn >>

X

Amn ,

(2.50)

where C is the collisional rate and A is the Einstein transition probability [32]. The
collisional-transitional rate per atom or ion in state m to n can be estimated by
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(2.51)

where f is the oscillator strength, ne the electron number density (cm−3 ), EH
is the ionization energy of hydrogen, ∆E separation of the upper and lower energy
levels of the transition (eV), k the Boltzmann constant, and T is the temperature
(K) [26]. For all the transitions used in this research the collisional rate is greater
than 1010 s−1 . Values for the Einstein transition probability are available in tables,
however in terms of the oscillator strength the radiative transition probability is given
by
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Amn = 4.3x107 (∆E)2 fmn s−1 .

(2.52)

The Einstein transition probability total for the emissions used for temperature
calculations is ≈ 108 s−1 , two orders of magnitude lower than that of the collisional
rate. This means there are 100 collision-induced transitions in 0.01 µs. So if the
recorded lightning channel is longer than 0.01 µs, then a Boltzmann distribution
should exist within the channel. This holds true for both the singly ionized and
the neutral transitions as the Einstein emission probability is over estimated and the
collisional transition rate is approximately the same for neutrals as for singly ionized
emissions [32] [26].
Now, if the lightning channel is to be in LTE, then the atomic and molecular
states of excitation must attain a Boltzmann distribution while the channel is luminous and the kinetic temperatures of atoms and ions must be equal to that of the
electron temperature, which is the temperature derived from the intensity ratios.
The equilibrium time for electron-ion temperatures is given by

τ ≈ (hνσM ne iave )−1

M
sec,
m

(2.53)

where ν is the electron velocity, σM the elastic cross section for collisions between
electrons and atoms or ions of mass M , and m the electron mass. For the electron
velocity and the collisional cross section the following expressions are used for the
equilibrium approximation,
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where EH is the ionization energy of hydrogen, and
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Using equations (2.53),(2.54), and (2.55) as well as considering ionized nitrogen, the
equilibrium times for different temperatures are

τ ≈ 1.4 ∗ 109 /ne sec for T = 10000 K,

(2.56)

τ ≈ 3.8 ∗ 109 /ne sec for T = 20000 K,

(2.57)

τ ≈ 7.0 ∗ 109 /ne sec for T = 30000 K,

(2.58)

τ ≈ 1.1 ∗ 1010 /ne sec for T = 40000 K.

(2.59)

and

Using these equations it would appear the lightning channel equilibrates on
an order of 10−7 seconds or less, hence LTE on this timescale can be proven if measurements at or below this threshold can be acquired [8]. Using the above equations
and appropriate electron number densities, i.e. ne = 1017 /cm−3 for T = 10000 K

39

and ne = 1018 /cm−3 for T = 40000 K, yields τ ≈ 0.014 µs and τ ≈ 0.011 µs respectively [26]. Since these equilibration times are almost two orders of magnitude faster
than the measured spectra it is assumed that LTE exists in the channel.
Two methods were presented earlier to measure electron number density: the
Saha equation and Stark broadening. The Saha equation requires that LTE exists
and uses the ratio of the intensities of neutral and singly ionized lines to measure the
electron number density. On the other hand, Stark broadening uses a measurement
of the full width at half maximum of the hydrogen line, which corresponds to a
certain electron number density [37]. Stark broadening is the method historically
used to determine the number density in the lightning channel because of a lack of
neutral emissions needed for the Saha equation. Comparison of these electron density
measurements will provide insight into LTE and potentially the timescale on which
the LTE assumption is valid [38]. Unfortunately so far with current measurements
only the time between the transition from heating and cooling periods has yielded
information useful regarding LTE. The average value for number density during this
period for the Saha calculation was ne = 7.58X1017 /cm−3 and ne = 6.50X1017 /cm−3
from the Stark measurement. The percent difference for these measurements is about
15%. During this period it is not unreasonable to suggest that LTE exists within the
channel. Other measurements and computer modeling will be necessary to show that
LTE exists on different time scales.
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CHAPTER 3

INSTRUMENTATION

3.1

Spectrometer Selection and Construction

In order for this study to be novel, one of the major considerations had to
be the spectrometers used in the study. Previously, spinning drum cameras and
single wavelength photon multiplier tubes were used for this research. However, those
studies were performed almost five decades ago [3] [14]. With advances in CCD and
CMOS technology, it is now possible to exceed previous studies in both temporal and
spectral resolutions.
In the 1960s, film was the main source for recording lightning spectra. However, there were some major disadvantages of using film. Film responsivity is nonlinear with light intensity and also varies with wavelength. Both of these effects are
also different for short or intermittent exposure than for long or continuous exposure.
The calibration for film is tedious. Every batch of film has to be calibrated because it
is slightly different chemically and therefore reacts differently to incident light. The
film is very sensitive to environmental changes such as humidity and temperature so
much care must taken with its storage and transport. In order for spectra recorded on
film to be useful for quantitative analysis, densiometer tracings must be done on the
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film to determine the intensity at each location. The choice of a densiometer baseline
also affects the intensity measurements. Accurate intensities, time resolved at the microsecond level would be very difficult to calibrate [8] [14]. Responsivity is nonlinear
with light intensity and also varies with wavelength. Both of these effects are also
different for short or intermittent exposure than for long or continuous exposure.
Both CCD (charge-coupled device) and CMOS (complementary metal-oxide
semiconductor) cameras were used in this study. Both use silicon to detect light,
however each communicates this information differently. Each CCD pixel stores electron charge accumulated from the photodetector in a well until time for read out. At
this point the information is moved in ”‘bucket brigade”’ manner and processed off
the focal plane. Each CMOS pixel stores the electrons from the photo detector on an
individual capacitor which is directly read out. Because of these different methods for
charge retrieval and different capabilities, the cameras are used for different purposes.
The Princeton ProEM is a CCD camera with an array of 512 x 512 sensors.
Each square pixel’s active area is 16 µm on each side. There is a second 512 x 512
unilluminated pixel array which is used for data storage. The ProEM is a monochrome
camera and has 16 bits of dynamic range. With the CCD camera, masking is used
to reduce the exposed region to 512 x 2 pixels. Continuous recording is not possible
due to the readout technique. Instead once the camera has been triggered, the two
rows of active pixels are shifted until the device’s storage area is filled. This method
achieves frame rates of up to 1,000,000 fps. At peak speed, the ProEM will record
approximately 0.5 ms of data.
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The other cameras used in this research were a Phantom v710 and Photron
SA1.1. The Phantom v710 is a CMOS camera with an array of 1280 x 800 pixels with
on board processors. Each square pixel’s active area is 20 µm on a side. The v710 is
a monochrome camera with a 12 bit dynamic range. At full resolution the speed of
the camera is < 8000 fps. To achieve higher frame rates for the spectroscopy, vertical
information is sacrificed by running at a reduced pixel resolution of 1024 x 8 pixels.
This allows for a maximum frame rate of 673,000 frames per second (fps). Because
each active photodetector is directly read out, it can be run in a continuous recording
mode which buffers approximately one second of data. This allowed for pretrigger,
or pre-return stroke, data to be recorded as well as the subsequent return strokes.
The Photron SA1.1 has the same specifications as the Phantom v710 except that the
resolution could only be reduced to 1024 x 16, corresponding to a maximum frame
rate of 330 kfps with a exposure time of approximately 3 µs. Both of these cameras
record about 1 s of data.

Table 3.1: Camera Properties

Camera

Pixel Size

Dynamic Range

Max Speed

Reduced Resolution

Photron SA1.1

20 µm

12 bit

330 kfps

1024 x 16

Princeton ProEM

16 µm

16 bit

1 Mfps

512 x 2

Phantom v710

20 µm

12 bit

670 kfps

1024 x 8
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In order to convert these cameras into spectrometers, a spectrograph is connected to the front of the cameras. Four separate systems have been adapted for
this research, three free standing and one mounted instrument from auroral spectral
studies conducted in the early nineties. The mounted spectrograph was designed to
be a direct line of sight instrument.
Figure 3.1 is a diagram of the spectrograph acquired from Stephen Mende,
who used it for auroral spectroscopy and later sprite spectroscopy [39]. Light enters
the objective lens (50 mm f/1.2) and is focused on the slit. A second collimating lens
(50 mm f/1.2) is located behind the slit and projects the slit onto the grism. A grism
is a prism with a diffraction grating mounted to it, which counters the deviation angle
of the first order spectrum such that the region of spectra of interest falls directly on
the camera sensors. A final lens (50 mm f/1.2) focuses the image on the focal plane
array. This spectrograph, which we call the UV-NIR, also has a sliding aperture
which has three options: slit, no slit, and multiple slits. The spectrograph can be
used in slitless mode because the lightning channel is a vertically oriented line source.
It essentially acts as its own slit since even at close distances the lightning channel is
assumed to be smaller than the pixel resolution. The recorded spectra bare the shape
of the channel segment being viewed which allows for supplementary analysis when
the vertical resolution is increased. An important consideration when operating in
the slitless mode is that the position of the lightning channel in the field of view will
dictate the range of wavelengths recorded by the camera. The slit mode is typically
only used for in-cloud lightning processes, and results in the observation of a fixed
wavelength range. The multiple slit mode was not utilized in these experiments.
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Figure 3.1: Technical diagram of UV-NIR spectrometer system. An optical path diagram for the UV-NIR spectrometer
adapted from auroral spectroscopy work by Rairden and Swenson [39].

The other three stand alone instruments utilize volume phase holography
(VPH) diffraction gratings within large prisms to create the dispersion. These VPH
grisms differ from surface relief and transmission grating grisms in that the diffraction
mechanism is a series of periodically alternating indices of refraction created by exposing a dichromated gel to an interference pattern. The transformed gel is encapsulated
in glass which in this particular case function as prisms with a geometry appropriate
for achieving the desired light path. Light that transverses through the VPH gratings
will undergo Bragg diffraction. There are many advantages of using VPH gratings
over the traditional grating types. The VPH gratings can be easily customized with
large grating sizes or complex structures that minimize optical elements, are environmentally stable and resistant to wear, and can be made with higher line densities (up
to 6000 lines per mm). More importantly the VPH gratings have high diffraction
efficiencies, less polarization effects, less grating anomalies, and reduced ghosting and
scattering when compared to standard gratings [40] [41]. All of the VPH grisms in
this study consist of two prisms with the grating encapsulated in the center.
The first of these grisms, VPH-VIS, is a line of sight grism designed for the
3700 − 6300 Å range where most of the singly ionized and doubly ionized lines occur. The grism has an operating wavelength of 5200 Å and has 1257 lines per millimeter. Although designed for 5200 Å and the surrounding wavelengths, by capturing the incident light at an angle of approximately 20 degrees, the spectrum from
6300 − 8900 Å can also be recorded. The other two grisms are designed for the operating wavelengths of the H-alpha line at 6563 Å (VPH-6563) and the 7774 Å OI
triplet (VPH-7774), a line which is important to the Lightning Imaging Sensor (LIS)
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and Geostationary Lightning Mapper (GLM), space based lightning detectors. The
number of lines per millimeter for these grisms are 3364 and 2912, respectively. Both
of these grisms are designed to observe a range of 100 Angstroms centered on their
respective wavelengths. Due to the high spectral resolution achieved by these last two
instruments the design optical path is not straight through. For the VPH-6563 and
VPH-7774 grisms the exiting light path is at an acute angle from the source, making
it necessary to situate the camera downward and away from the lightning source.
Henceforth the spectrographs will be referred to by their designations outlined here.

3.2

Instrument Calibration

The characterization of the spectrometer system has two parts. The first is the
spectral specification. This is completed using discharge tubes with various gases and
a monochromator to specify how the instrument responds as a function of wavelength.
The monochromator is a Horiba iHR320 with sub-angstrom resolution and accuracy.
The monochromator can be fitted with different gratings for wavelengths ranging from
the hard UV at 150 nm into the far infrared at 40 µm. For the specification of the
spectrograph, discharge tubes with hydrogen, helium, neon, argon, and mercury were
used as a light source. First, the camera was aligned so that the image of the discharge
tube was incident on the center pixel. Once aligned the grism was put in place to
produce the spectra. Each camera’s software was then used to find the center pixel
for each of the lines that were observed for each gas species. Data for each gas species
was aggregated to determine horizontal pixel location as a function of wavelength. A
wavelength parameterization based on pixel for a source through the system if it was
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ideally on the center position was acquired. From this spectral range and spectral
resolution could be calculated. In actual application, due to variable source locations,
dominant spectral lines are identified from the emitter and a parameterization based
on the source is calculated.
The second characterization is the response of the spectrometer. Due to the
number of objects light passes through in the spectrometer set up, a detailed calibration is required to completely understand the throughput of the the entire system.
Although the throughput for full spectral range of the instrumentation is executed,
particular attention has been paid to the throughput for the regions from which
temperature ratios are extracted. The calibration of the camera was done using an
integrating sphere and monochromator with tungsten light source. The tungsten light
source generates a black body spectrum which spans the ultraviolet to the infrared.
The first spectrometer set up investigated was the UV-NIR spectrograph with
the Phantom v710 with width of 1024 pixels. The center line of the UV-NIR is
located at 5840 Å. The spectral range is approximately 4000 − 9000 Å. It was also
determined that the instrument’s spectral spacing varied from lower wavelengths to
higher wavelengths, 200 to 300 Å/mm respectively. The relative throughput was
calculated for this spectrometer and corrected for the shape of the black body curve
and camera response. The spectral response curve when paired with the Phantom
v710 can be seen in Figure 3.2. Of note in this response curve is the periodic nature of
the camera response. This is due to the physical construction of the camera’s CMOS
pixels. There is an interference that manifests itself in the wavelength response. This
is evident in all of the CMOS associated response curves. Also notice the sharp decline
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in the response of the instrument in both the ultraviolet and the near infrared. This
spectrograph itself also has tremendous limitations in the far edges of the spectral
range.
The second spectrometer investigated was the UV-VIS spectrograph with the
Phantom v710 with width of 1024 pixels. The center line of the UV-VIS is located
at 5200 Å. The spectral range of the spectrograph is approximately 3700 − 9500 Å.
However, only approximately 2500 Å range can be recorded at a given time. The
spectral spacing across the field of view is 130 Å/mm. The relative throughput
was calculated and corrected. The spectral response curve was split between two
wavelength ranges above and below 6200 Å. These are presented below in Figure 3.3
and Figure 3.4. Although the camera response is still visible, this instrument performs
much better in the soft ultraviolet and the near infrared. This improvement is very
evident when noticing the strength of the 7774 Å in the spectra from one instrument
to other.
The difference in the spectrometers will be evident in the next chapter where
spectra are presented which utilize both of these instruments. The spectra from
the VPH-VIS will be much more uniform and much sharper. The lines within the
spectrum are much more distinct because of the almost double resolution of the VPHVIS. This is especially evident in the lower wavelength region between 4000 − 5000 Å
where the singly ionized lines are heavily populated.
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Figure 3.2: Response curve of UV-NIR spectrometer. The relative throughput response of the UV-NIR spectrometer as
measured utilizing integrating sphere with tungsten light source with the Phantom v710.
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Figure 3.3: Response curve of UV-VIS spectrometer for 3700 − 6200 Å. The relative throughput response of the UV-VIS
spectrometer for the wavelength region 3700 − 6200 Å as measured utilizing integrating sphere with a tungsten light source with
the Phantom v710.
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Figure 3.4: Response Curve of UV-VIS Spectrometer for 6200 − 8800 Å. The relative throughput response of the UV-NIR
spectrometer as measured utilizing integrating sphere with a tungsten light source with the Phantom v710.

CHAPTER 4

SPECTRAL ANALYSIS

Beginning in the summer of 2010, both triggered and natural lightning flashes
have been recorded. The spectral equipment varied over the course of this particular
study and is noted where appropriate. The typical heights of the measured spectra
were 50 m and 85 m above the ground for the triggered lightning channel and varied
for the natural and anomalous events. Not only are the spectra of atmospheric constituents observed but also the vaporized copper from the triggering wire. In addition
to triggered lightning at the ICLRT, one natural lightning flash and one anomalous
stroke were recorded. Although the natural flash was too bright due to the proximity and intensity of the stroke, important information can still be gleaned from
the leader emission as well as the cooling channel. Other natural lightning flashes
presented occurred in Huntsville, AL from strikes to television towers on Monte Sano
Mountain. The bulk of the spectra and accompanied quantitative discussions will be
of triggered lightning. In this section, several specific return strokes of interest are
presented and discussed in detail. Due to the number of frames available for each
spectra and the limitations of print media, multiple display methods are employed
such as spectrograms, stacked plots, as well as simulated streak images. Within
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the data set are distinct lightning processes that yield spectra of considerable interest: the IS (triggered lightning only), stepped leader (natural or anomalous triggered
lightning), dart-stepped leader (natural and triggered lightning), and both hot and
relatively cool spectra during a return stroke (natural and triggered lightning). For
clarity, only major lines or multiplets are discussed here, however a list of identifiable
lines can be found in Appendix A, separated into IS which will consist mostly of
copper lines and the return stroke, where only naturally occurring lightning emission
lines are listed.

4.1

Initial Stage of Triggered Lightning

The first triggered lightning stage that occurs is the IS and can be described
as a hundreds of meters copper wire burn. Although the IS is not directly related
to natural lightning, it is important to investigate due to the fact the channel that
is created will become the path for the subsequent return strokes. This wire burn
essentially serves as the first return stroke. The presence of copper, or other metals
used in triggering lightning, within the channel is one of the reasons triggered lightning
is inherently different than natural lightning. This causes the channel to be comprised
of atoms different from those of natural lightning, at least below the top of the
triggering wire. By investigating the copper corrupted portion of the channel before
and during return strokes, the similarities of natural and triggered lightning can be
compared. Figure 4.1 shows the similarities between a copper wire burn (left) and
the IS (right) in a simulated streak image from the data. All of these emission
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lines belong to copper. The most dominant copper emissions in these spectra and
subsequent spectra in order of luminance are 5220 Å, 5153 Å, 5105 Å, 5782 Å, 5700 Å.

Figure 4.1: Comparison of wire burn and IS. Streak spectral image of a four meter
copper wire explosion (Courtesy of Martin Uman) along side a simulated streak image
of the spectrum of an IS, which is essentially a 300 meter copper wire explosion.

In the 2013 summer campaign a high resolution spectral image of the IS copper channel was acquired. These spectral images are of the copper spectrum from
approximately 3800 − 6300 Å. Using these images as a reference, the copper prevalence in the IS and corresponding return strokes can be compared. The typical IS
copper spectra is shown in Figure 4.2. This image was recorded at 670 kfps with a
exposure time of 0.7 µs. This image consists mostly of neutral copper lines. Figure 4.3
shows the same spectrum 900 µs later. However, when compared to Figure 4.3, the
emissions at at 4000 Å, 5150 Å, and 5220 Å in Figure 4.2 are much more broadened.
It is thought that the broadening at the onset of the IS is caused by the numerous
singly and possibly doubly ionized copper emissions. As the channel cools, the neu55

tral copper emission lines become sharper and more well defined. These cool copper
emissions after the onset of the IS are more alike the spectral profile of copper seen
during the cooling period after a triggered lightning return stroke. Although after the
return stroke, only the most dominant copper emissions listed above are still visible.
As mentioned previously, one of the advantages of using triggered lightning
as a proxy for natural lightning is the ability to obtain the current at the base of
the channel. Figure 4.4 demonstrates the variability of the intensity of the emissions
within the IS with the current. The IS begins approximately 81 ms before the onset
of the first triggered return stroke which occurs at time zero. In the highly varying
current region surrounding the −80 ms mark, notice the brightening that occurs uniformly (horizontally) across the spectra. This is a direct result of the rapidly changing
current. These lines are a result of the atomic emissions and the background continuum increasing evenly across all wavelengths compared to the spectra before and
after. Even with small changes in the current, the luminosity of spectra varies. Also
in this image, the first of the natural emission lines, Hα (6563 Å), becomes visible.
The hydrogen emission, as will become evident, is very prevalent even when the current is low. The IS happens tens of milliseconds before the first return stroke. During
this period before the return stroke it is typical to see copper emissions from the IS
last tens of milliseconds, sometimes even right up until the first return stroke. These
emissions are very dim, but are still evident in the record, especially those at 5153 Å,
and 5220 Å. In this specific case the IS spectral emissions last for 81 ms , right up
until the return stroke. Some of the major atomic copper spectral lines present in
the IS have been identified here, however the reader is directed to TABLE A.1 in
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Figure 4.2: Initial peak copper emission spectrum of the IS. High resolution spectral image from 3850 − 6300 Å of copper
emissions during an IS process of triggered lightning. The emissions at 4000 Å, 5150 Å, and 5220 Å are broadened compared to
most other emission lines present.
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Figure 4.3: Copper emission spectrum at 900 µs after peak emission during the IS. High resolution spectral image 3850 −
6300 Å of copper 900 µs following peak emission during an IS. At this point the broadened emission lines appear similar to other
lines.

Appendix A for a more comprehensive look at the copper emissions during the IS of
triggered lightning.

Figure 4.4: Simulated streak spectrum of an IS alongside current data. On the right
is a simulated streak image of the spectral data beginning at approximately −81 ms .
On the left is current record during this process measured at the base of the triggered
lightning channel. Luminosity changes within the spectra line up with changes in the
magnitude of the current.

4.2

Stepped Leaders

The leader spectrum is the first spectrum seen during the leader-return stroke
sequence. There are various types of leaders; however, due to the speed of both the
camera and the leader processes only dart-stepped leaders and stepped leaders are
presented. Stepped leaders only occur in virgin air and occur prior to the first return
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stroke of a natural lightning flash or in an anomalous triggered lightning stroke which
deviates from the original triggered lightning channel. The average speed of a stepped
leader is 2 × 105 m/s. The dart-stepped leader travels down the previously ionized
lightning path and has a greater average speed on the order of 1 − 2 × 106 m/s [20].
The number of spectra recorded is based on height above ground, speed of leader,
and recording speed of camera. On average however, it is clear to see that all things
being equal the number of images from a stepped leader will be on average ten times
as many as the dart-stepped leader.
Two spectra of stepped leaders were recorded. The first is a natural stroke from
July 7, 2011 recorded using the UV-NIR spectrometer. The return stroke following
the leader had a peak current of 30.4 kA, according to National Lightning Detection
Network (NLDN). Figure 4.5 through Figure 4.7 shows the evolution of the spectrum
of this stepped leader at a position 104 m above the ground. The spectra were
recorded at 673 kfps with an exposure time of 1.00 µs. These spectra span a range of
time starting at 43.5 µs prior to the return stroke and ending immediately before its
onset. The spectra are presented with a time resolution of 1.5 µs, the amount of time
between consecutive frames. Each figure shows 15 µs of spectral data. The first two
spectra in Figure 4.5 at −43.5 µs and −42.0 µs show the background signal before any
lightning emission is observed. The first emission lines from the stepped leader appear
at the −40.5 µs mark and are all singly ionized lines of nitrogen: 5180−5200 Å, 5496 Å,
5535 Å, 5680 Å, 5942 Å, 6482 Å, and 6611 Å. Both the prevalence of only singly ionized
lines and the weak, near background level, emissions from neutral atoms is evidence
of a very hot channel. The next spectrum in the sequence shows the singly ionized
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lines much more defined and brighter than the continuum and likely corresponds to
the downward propagating leader front passing through the sensor FOV. Also in this
spectra is the emergence of the neutral emission lines: 6563 Å (Hα), 7157 Å (OI),
7442 Å (NI triplet), and 7774 Å (OI triplet). In the next spectrum, as the leader
front continues propagating below the sensor FOV, the channel has cooled enough
that all of the singly ionized lines, except 5680 Å and to a lesser extent 5942 Å, have
disappeared, and only the neutral lines persist. The re-emergence of the singly ionized
lines at 5680 Å, 5942 Å, 6482 Å, and 6611 Å, which occurs around −25.5 µs prior to
the return stroke, indicates a reheating of the channel, caused by a current wave
generated by the leader as it moved closer to ground. After each of these steps of
the channel, the intensity of the neutral lines increased; an effect that can be seen
most clearly throughout this set of spectra from the intensity changes of the Hα line.
This will be seen in the spectra that follow as well. The current increase causes a
quick sudden increase of the ionized lines which is short lived. The channel quickly
stabilizes squelching the ionized emissions. The elevated temperature increases the
emissions of the neutral lines which lose intensity much more slowly than the ionized
emissions in the channel. A similar response is seen in the return stroke but on a
longer time scale.
At the −21 µs mark, to the left of the Hα, there are a group of new lines.
This is the spectra from a stepped leader traveling in a separate branch of channel
and superimposed onto the first, or primary, stepped leader spectrum, which is the
one that reaches the ground. The spectrum of this second leader appears to the left
of the first because it occurs physically to the left of the first and enters the grism at
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Figure 4.5: Stepped leader spectrum 43.5 − 28.5 µs prior to natural return stroke. Stacked spectra of a stepped leader
43.5 − 28.5 µs before the onset of the natural return stroke. The images were taken with the UV-NIR spectrometer with a
wavelength range of 5100 − 8900 Å.
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Figure 4.6: Stepped leader spectrum 28.5 − 13.5 µs prior to natural return stroke. Stacked spectra of a stepped leader
28.5 − 13.5 µs before the onset of the natural return stroke. The images were taken with the UV-NIR spectrometer with
a wavelength range of 5100 − 8900 Å. In the spectra 21 µs before the return stroke a separate leader spectra can be seen
superimposed to the left of the first. This leader’s Hα signature can be seen until the return stroke.

a different angle. The two lines to the far left are the 5680 Å(NII) and 5942 Å(NII)
lines. The line in between those lines and the original Hα is the new Hα. The new
Hα, old Hα, and emissions from the neutrals of both leaders persist until the return
stroke occurs. Also evident is another current wave occurring in the primary stepped
leader at the −12 µs mark, before connecting to the ground some microseconds later.
The other stepped leader recorded is an anomalous stroke from July 22, 2013
recorded with the VPH-VIS spectrometer. This leader occurred before the fifth return
stroke of a triggered lightning flash that failed to follow the previously ionized path of
the other return strokes, resulting in a stepped leader in virgin air followed by a return
stroke. The spectra which were summed over 172.5 microseconds to compensate for
the relatively low luminosity resulting from the low f-number setting during the event
and physical position of the leader channel steps can be seen in Figure 4.8. No singly
ionized lines were observed in this event. The possible explanations for this include
no significant stepping below vertical field of view or because the current impulse
was not strong enough and was attenuated before reaching the height at which the
channel was being recorded. It also appears from this image that the oxygen lines at
7774 Å are much more dominant than in the natural stepped leader spectra, however
this is an artifact of the wavelength responsivity of the spectrometers. The UV-NIR
spectrometer has a much steeper roll off in the infrared region than does the VPH-VIS.

4.3

Dart-Stepped Leaders

Much like the stepped leaders, dart-stepped leaders are a fast and low luminosity lightning process. Four triggered lightning dart-stepped leaders with differing
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Figure 4.7: Stepped leader spectrum 13.5 µs prior to natural return stroke. Stacked spectra of a stepped leader 13.5 µs before
the onset of the natural return stroke. The images were taken with the UV-NIR spectrometer with a wavelength range of
5100 − 8900 Å.
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Figure 4.8: Summed spectra of an anomalous stepped leader. Spectra of an anomalous stepped leader summed over 172.5
microseconds. Lines of hydrogen at 6563 Å, nitrogen at 7442 Å, and oxygen at 7774 Å are clearly visible.

spectral ranges and a natural lightning dart-stepped leader were chosen as representative of the dart-stepped leader spectral data. The first is the tenth stroke in a
triggered lightning event from July 7, 2011 with a peak current value of 10.2kA seen
here in Figure 4.9. The UV-NIR was used to record the spectrum of the dart-stepped
leader channel at altitude of 50 m and a spectral range of 3800 − 7000 Å. The first
spectrum of the dart-stepped leader seen in Figure 4.9(a) has two distinct singly ionized nitrogen lines at 4630 Å and 5001 Å. In the following spectrum Figure 4.9(b),
many more singly ionized nitrogen lines emerge as well as the Hα line, likely corresponding to the downward passage of the dart-stepped leader head across the FOV.
In the next two spectra, Figure 4.9(c) and Figure 4.9(d) in sequence there is a drop
in the luminosity of the singly ionized lines and an increase of the neutrals, indicating
a drop in the local temperature of the channel as the leader propagates toward the
ground. The neutral lines remain observable until the return stroke occurs, where
as the singly ionized lines only return at the onset of the return stroke. A point of
interest of this dart-leader spectral sequence is that the spectra are similar to that of
the return stroke, although the relative magnitude is a small fraction of the brightness level of the return stroke. The implication here is that the dart-leader is a hot
phenomenon.
The next dart-stepped leader is from the second stroke of a natural flash later
that same day. This spectra was also recorded with the UV-NIR approximately
100 m above ground, and the spectrum extends from 5100 − 9900 Å. The spectra in
Figure 4.10 have been limited to 5100−8000 Å range because of the poor throughput in
the infrared. This image follows the dart-stepped leader channel spectrum from right
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Figure 4.9: Triggered dart-stepped leader sequence from July 7, 2011 return stroke 10. Spectra of a dart-stepped leader
from 13.5 − 9.0 µs before the return stroke. Image (a) is the onset of the spectrum as the leader enters the FOV, image
(b) demonstrates the dominance of singly ionized lines within dart-stepped leader spectrum as it passes the FOV, image (c)
shows the channel cooling after passage of leader front, and image (d) shows the channel sustaining emission of Hα after the
dart-stepped leader front has passed.

before its onset at the −34µs mark up until spectra immediately before the return
stroke. The most prominent singly ionized lines are those of nitrogen at 5535 Å,
5680 Å, 5710 Å, 5941 Å, 6167 Å, 6482 Å and 6610 Å. The major neutral lines are
Hα, oxygen lines at 7157 Å and 7774 Å, and the nitrogen triplet at 7442 Å. The
sequence of images is very similar to the previous dart-stepped leader, i.e. singly
ionized emissions followed by increasing neutrals and decreasing ionized lines, then
just neutral lines. One of the major differences here is the height at which the spectra
are being observed. Since the spectra are at 100 m above ground there is twice as
much distance for stepping to occur down along the channel. The sequence of spectra
presented out previously repeats several times because the steps result in the repeated
heating and emission of photons from singly ionized atoms within the channel. A more
physical description of what is occurring during this spectrum sequence is discussed
in the next chapter.
The third dart-stepped leader is from the sixth stroke of a triggered lightning
event on July 14, 2013. The spectra were recorded with the VPH-VIS approximately
85 m above the ground with a wavelength range of 4100 − 6525 Å. Figure 4.11 shows
the beginning of the dart-stepped leader 30 µs before the onset of the return stroke.
The wavelength range only encompasses the singly ionized atmospheric lines, so only
the hot pulses are visible. However, on the far right side of the spectra the signature
of the Hα line can be seen. The slope of the line grows and is present from a couple
of microseconds after the onset of the dart-stepped leader until the return stroke.
This line is the only indication of neutral emissions in this region. The next image,
Figure 4.12, is the rest of the lifetime of this dart-stepped leader from 16.5 µs before
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Figure 4.10: Natural dart-stepped leader sequence from July 7, 2011 return stroke 2. Spectra of a dart-stepped leader from
34.0 µs before the return stroke until the onset. The image is stacked spectra sequential in time, where the bottom spectra is
the spectra farthest in time from the return stroke.

the return stroke until directly before it. The continuous increasing slope of the Hα
line is evident here, as well as a step at the −15 µs. There may also be a step at the
−9 µs but the feature is very close to background level. The further away the field
of view from the leader propagation, the less luminous the singly ionized emissions
become with each step.
The final dart-stepped leader image is from the fourth return stroke of a triggered flash on August 1, 2013. Figure 4.13 shows the spectral region from 6225 −
8850 Å at approximately 85 m above the ground. In this sequence of spectra most
of the lines present are the neutral lines except the singly ionized nitrogen lines at
6482 Å and 6610 Å. Besides the previously mentioned neutral lines, also present here
are 7947 Å (OI multiplet), 8200 Å (NI multiplet), 8446 Å (OI triplet), 8630 Å (NI multiplet), and 8680 Å (NI multiplet). The rising and lowering of the singly ionized lines
as well as the growth of the neutral lines throughout the lifetime of the dart-stepped
leader is apparent. In most of spectral sets of dart-stepped leaders the most intense
singly ionized spectra comes from the first image in the series, when the leader is
passing the field of view.
To better understand this phenomenon, a closer look at the equations governing emissions is warranted. According to Equation (2.3), the intensity of a certain
emission is related to atomic constants and three variable parameters: number density, partition function and temperature. First, the number density linearly affects
the intensity of the emitted line. Since the Hα line is present in this spectra, the
number density can be calculated for each spectrum. An analysis of the Hα line
yields a constant value of about 4x1023 m−3 after the initial front of the dart leader
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Figure 4.11: Triggered dart-stepped leader sequence from July 14, 2013 return stroke 6.
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Figure 4.12: Triggered dart-stepped leader sequence from July 14, 2013 return stroke 6.

passes the viewing area. Since the number density remains relatively constant, the
partition function and temperature must be changing. The partition function as well
as the exponential term in Equation (2.3) both increase with temperature, however
the exponential term does so faster in this regime. So, with an increase in the temperature there will also be an increase in the intensity of the emission lines. Over the
course of the leader the increases in luminosity are very subtle suggesting that the
increase in temperature is no more than hundreds of Kelvins. While this happens
across all of the leaders, it is most obvious in this case.

4.4

The Return Stroke

Immediately following the leader connecting to ground is the return stroke.
This is the portion of the lightning stroke where the charge region in the cloud is
electrically connected to ground via the conductive leader channel. The charge is
then drained to ground from the channel causing an impulsive upward propagating
wavefront. This current produces the bright optical pulse most associated with lightning. The optical emissions from a return stroke can last up to tens of milliseconds,
however typically most of the visible radiation has dissipated within the first few
milliseconds. To fully investigate the return stroke phase of the lightning discharge
one must be able to record spectra rapidly and for an extended period of time.
These are the two time frames that are important when looking at the spectra
from a return stroke. There is a sudden intense heating which occurs at the onset
of the return stroke, which will be called the hot portion or period, followed by
an extended cooling period which accounts for the majority of the spectral record.
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Figure 4.13: Triggered dart-stepped leader sequence from August 1, 2013 return stroke 4.

Although the terms hot and cool are used to distinguish these two regimes, they
should be thought of as relative terms as the channel is still above 10000 K during
both of these periods. The hot portion of the spectra occurs within the first tens
of microseconds, and its peak temperature occurs within the first microsecond. It
is uncertain as to when exactly the peak temperature is reached, but it does occur
within the first integrated period of the spectrometer, or 1.5 µs, of the onset of the
return stroke. This is apparent because doubly ionized nitrogen lines are only present
in the first spectral image arising from the return stroke. While the spectrum is
hot the emissions consist of hydrogen, neutral argon, and neutral, singly and doubly
ionized nitrogen and oxygen. The majority of the radiated spectrum in the visible
range during the heating period is from 4000 Å to 6000 Å and consists mainly of
the ionized nitrogen emissions. The neutral emissions occurring during this period
start off with a lower intensity and increase as the singly ionized lines decrease. The
neutral atoms have lower populations as well as lower emission probabilities during
this period. Many of the neutral atoms have been ionized increasing both the ionized
and doubly ionized populations. The low emission probabilities occur because at
higher temperatures the neutral atoms, as opposed to ionized atoms, are less likely
to be as populous leading to less luminosity.
Within tens of microseconds the singly ionized lines have died out, and the
neutral lines are at their peak emission. Although the cooling of the channel occurs
after the peak current of the return stroke, the spectra following the cessation of
the singly ionized lines is called the cooling period. This period lasts anywhere from
hundreds of microseconds to milliseconds. The majority of the radiated energy during
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the cooling period occurs above 6000 Å and consists of hydrogen, argon, oxygen and
nitrogen lines. Although there are significant copper emissions around 5100 Å the
cooling period is dominated by Hα at 6563 Å, oxygen lines at 7157 Å and 7774 Å, and
the nitrogen triplet at 7444 Å. The longest lasting emission in the cooling period is
the oxygen line at 7774 Å. Since 7774 Å is the brightest line in visible region during
the cooling period it is the last to drop below the measurement threshold.
During the cooling period the neutral line intensities continue to decrease as
the current decreases, however in some strokes there is a long varying continuing
current and/or increased current pulses which effect the spectral emissions. These
processes are clear to see from both the spectra and current record. If the current rise
is significant enough it will increase luminosity of the lines and possibly reilluminate
emissions which have dropped below the noise level. These reilluminated emissions
have only been seen for neutral emissions, although theoretically if the current rise
was high and fast enough it would be possible to reionize the neutral atoms. The
7157 Å oxygen line, one of the weaker lines in the neutral spectrum, is a line that
close attention is paid in the reillumination process because it allows for temperature
measurements to be made during the continuing current.
Now that both parts of the spectrum, the hot and cool portions, have been
described, it is fitting to look at the overall trend of the spectrum for major atomic
constituents, i.e. neutral, singly ionized, and doubly ionized, over time. A theoretical version of this relationship for a spark spectrum is shown in Figure 4.14 [42].
Although there are differences between a spark in the lab and lightning, both are
electrical discharges in air. Spectral investigations into the spark, which can be ma77

nipulated and reproduced in the lab, are an analog for lightning. Figure 4.14 shows
a very short early peak in doubly ionized lines followed shortly by a peak in singly
ionized lines which lasts longer. After the singly ionized line peak follows Hα which
is representative of the neutral atoms. It should be noted that the spark discharge
occurs on a much shorter time scale than does the lightning channel which has a
longer sustained current to drive the discharge. The times represented in Figure 4.14
should be interpreted relatively rather than indicative of times for the evolution of
atomic species in the lightning channel.

Figure 4.14: Atomic emission profiles. The luminosity profiles represent the general
characteristics of the continuum, H, NII, and NIII [42].
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The evolution of atomic emissions is described here to provide clarity as to the
reason the lightning spectrum evolves as it does. Figure 4.15 shows the evolution of
the luminosity of the different atomic emissions over the lifetime of the fifth stroke
from the second trigger on August 1, 2013. Figure 4.16 is zoomed into the time period
surrounding the onset of the return stroke where more sudden changes occur. The
emissions used were 6563 Å, 7447 Å triplet, 6610 Å, and a generated data point for
the doubly ionized line.

Figure 4.15: Atomic emission profiles from -40 µs to 400 µs. The luminosity of
four separate lines representing the major emissions in the lightning spectrum are
presented. This data was taken from August 1, 2013, and these lines represent general
profile characteristics of H, NI, NII, and NIII. Although the most interesting changes
occur in a much smaller time window around the 0 µs mark, the long profiles of NI
and H can be seen here.
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Figure 4.16: Atomic emission profiles from -10 µs to 40 µs. The luminosity of four
individual lines or sets of lines representing the major emissions in the lightning
spectrum are presented. This data was taken from August 1, 2013, and these lines
represent general profile characteristics of H, NI, NII, and NIII. The first peak is the
simulated NIII, followed closely by the singly ionized emission lines. As the singly
ionized lines die out, the peak of the neutrals occurs followed by Hα.

Since the doubly ionized lines only persist for a single frame at the onset of
the return stroke, stroke spectra encompassing the rest of the emissions were chosen,
i.e. the longer wavelengths where doubly ionized lines are not present. Each emission
is summed over the pixels encompassing the emission with a background subtraction
using the average of the first and last pixel. Then, the luminosity of each is normalized.
Notice how the peak luminosity of the doubly ionized occurs first, followed first by
the singly ionized lines and finally the neutrals and then Hα.
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If a temperature is high enough, i.e. high energy, neutral atoms will be ionized
instead of just exciting an emission. If it is even higher, it will ionize the atom again
as well as excite singly ionized lines. The energy above this is used to excite the
doubly ionized lines if it is not enough to ionize the atom again. Since the temperature of the lightning channel is high enough, the atoms are doubly ionized, and the
doubly ionized atom emits radiation at various wavelengths. As the temperature of
the channel begins to cool, the doubly ionized atoms repopulate the singly ionized,
increasing the number of singly ionized atoms. The singly ionized emissions increase
until there are no more doubly ionized atoms and then decrease as the temperature
continues to decrease. As these lines decrease, the neutral atom emissions increase as
their population increases from the decaying singly ionized atoms. Finally the neutral
atoms’ peak emissions exist just as the singly ionized atoms disappear. These emissions gradually decrease over time as does temperature, current and other physical
parameters.
The evolving nature of the lightning spectrum is very important to many
optical studies. In particular studies where the instrumentation is either designed or
suited for certain wavelength regions. For example if the near-infrared portion of the
lightning spectrum were being studied, there would be a delay from the peak of the
return stroke to the peak of the emissions of up to ten or more microseconds as there
are very few singly ionized emissions in this region. Moreover, if the instrument being
used was more sensitive to soft ultraviolet or lower visible wavelengths the delay would
be on the order of a microsecond since this region is populated with mostly singly
and some doubly ionized lines. For this reason it is very important to understand the
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limitations of the instrumentation used in optical studies along with the evolution of
the lightning spectrum.
Up until the summer of 2012, UV-NIR spectrometer was the sole source of
the recorded lightning spectra in this study. These images were from the first studies
done at the ICLRT in the Summer of 2009. The aperture on the camera lens for the
set up was opened far too much to look at the hot portion of the spectra within the
first few microseconds; however, it allowed for a deeper study of the channel during
the cooling period. During this period the copper lines previously mentioned are
present as are some of the neutral atmospheric species: nitrogen triplet at 7442 Å,
hydrogen at 6563 Å, and oxygen at 7157 Å and the triplet at 7774 Å. Figure 4.17 is a
simulated streak spectra of an IS followed by five return strokes. Each of the streak
images is 1.33 ms of spectra. The image is falsely colored to represent the intensity
of the emissions. It also demonstrates the differences between the IS and return
strokes within the triggered lightning channel. Figure 4.17 shows copper emissions
over the course of multiple return strokes as well as the first emergence of atmospheric
elements after the IS. In the IS it is obvious that the copper lines are the dominant
feature and are missing in the strokes that follow. Also noticeable is the lack of
atomic atmospheric emissions in the IS. Once the return strokes begin, hydrogen,
oxygen, and nitrogen emissions are observed. This is not unexpected. Figure 4.1
showed that the IS was identical to a copper wire burn. Since the source of the
missions in the IS are coming from a channel made primarily of copper, the copper
emissions dominate. During the IS the copper wire has been vaporized so the initial
path which is primed for the following return strokes is now a mixture of air and
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vaporized copper. For return strokes which follow, the atmospheric mixing reduces
the copper density over multiple return strokes which decreases the intensity of the
copper lines. However, many of the neutral lines, including copper, persist for very
long times at low currents due to the low energy threshold for emission of these
elements. Figure 4.17 also demonstrates that even after the IS and multiple return
strokes, copper atoms are still present within the channel and their presence may be
significant. Changes in the luminosity are directly associated with fluctuations of the
current within the lightning channel. Increases in current are observed in the streak
spectra as horizontal bands across the streak image due to the overall increase of the
background emissions across the spectrum.
Although the previous example shows copper’s role within the channel, it provides little detail into the rest of the spectral components. There are many emission
lines across the visible spectrum and adjacent regimes, infrared and ultraviolet, the
following discussion will concentrate on major lines of copper and atmospheric constituents, most of which have been previously mentioned. For more rigorous spectral
line identification of the emissions from the lightning return stroke the reader is directed to TABLE A.2 in Appendix A.
The first spectral images during the return stroke are of the hot regime mentioned earlier. Ideally one would have a spectral instrument with a temporal resolution on the order of the equilibrium time of the atoms within the channel (≤ 0.01 µs);
however, even with current commercial technology, resolution of a microsecond is
still pushing the cutting edge. It is assumed the heating of the channel to its peak
temperature takes place within the first microsecond of the return stroke. The sub83

Figure 4.17: Streak image of IS and five return strokes. Simulated streak spectra
which demonstrates the varying spectra over the lifetime of a triggered lightning flash,
in this case an IS followed by 5 return strokes. Each of the segments is approximately
1.33 ms of spectral data transformed into a streak image. Here color is related to
intensity of the lines rather than wavelength. Notice the persistence of the copper
lines surrounding 5100 Å as well as the onset of the atmospheric elements following
the IS.

microsecond evolution of the spectrum and the profile of the temperature within this
time period are still unknown. In order to follow the detailed evolution of the temperature, spectra of the lightning channel would need to be recorded at or near the
equilibrium time. Despite this limitation, a great deal of information remains to be
gleaned from the hot period at the microsecond level.
The first spectrum after the return stroke onset corresponds to the hottest
spectra and therefore the one with the most intense ionized lines. Figure 4.18 demon-
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strates the spectra across the visible wavelength. This image was taken with the
UV-NIR spectrometer and shows the full range encompassing the near-ultraviolet to
around 6000 Å where the ionized lines predominate as well as the region from 6000 Å
to near IR where the neutrals are most predominant. The lines dominating this image
on the left side are all ionized lines. The only ionized lines present in the right side
of the image are the two surrounding Hα. The numerous ionized lines are compacted
into a relatively small spectral region from around 4000 Å to right above 5000 Å . In
order to study this region better, the VPH-VIS was designed.
The VPH-VIS gave us roughly twice the spectral resolution as the UV-NIR.
Figure 4.19 and Figure 4.20 are spectrum in the two regions mentioned earlier in
greater detail with the VPH-VIS. These spectra were taken on June 14, 2013 and
August 1, 2013, respectively. Figure 4.19 represents the standard hot spectrum,
where as Figure 4.20 is more indicative of what the cooling period looks like. The
new VPH-VIS system has much less fall off in the soft ultraviolet and the near infrared
than in the UV-NIR, hence the ability to view lines up to and even past 9000 Å. With
the new level of detail, both new lines as well as lines that make up multiplets are
now resolved. In Figure 4.19, the multiplet at 4630 Å of ionized nitrogen is a good
example of the increased resolution. Another example is in the neutral nitrogen triplet
at 7444 Å in Figure 4.20. This new improved system provides more accurate relative
line intensities for temperature measurements.
Now that the major spectral emissions have been identified for the return
stroke, a more in depth analysis of the evolution of the spectrum is essential to
understanding the lightning channel physics. The first set of images is from the lower
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Figure 4.18: Spectral image of triggered lightning return stroke of a flash from 2010 when the UV-NIR spectrometer was the
source of lightning spectra. Spectra is labeled with major ionized and neutral lines.
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Figure 4.19: Spectral image of triggered lightning return stroke June 14, 2013 when the VPH-VIS spectrometer was the source
of lightning spectra. Spectra is labeled with major ionized lines.
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Figure 4.20: Spectral image of triggered lightning return stroke from August 1, 2013 when the VPH-VIS spectrometer was
the source of lightning spectra. Spectra is labeled with major neutral lines.

half of the spectral range achieved in these studies, 3900 − 6300 Å. Lightning spectra
from directly before the return stroke and lasting for the duration of the lifetime of
the singly ionized atoms can be seen in Figure 4.21-Figure 4.25. These spectra are
of the second return stroke of a triggered lightning flash recorded on June 24, 2012.
The VPH-VIS spectrometer was recording at 670 kfps with an exposure time of 0.7µs.
The first image in Figure 4.21 shows the spectrum just as it is beginning to increase.
Before this image the spectrum is completely flat. The emission lines in this image
are all of the brightest singly and doubly ionized emissions. The second spectrum in
the top right of Figure 4.21 is the first full spectrum of the return stroke. Since this
spectrum is in the lower visible region, all the lines are of singly and doubly ionized
nitrogen and oxygen. The only neutral lines in this range are Hβ and copper which
are both too dim too be seen until the ionized lines are almost completely gone as
will be evident in later spectra in the sequence. From this spectrum to the third
in the lower left, the singly ionized lines have increased whereas the doubly ionized
have dropped below measurement detection. Most notable is the doubly ionized line
at 4097 Å, which is present in the 0.0 µs frame but not the 1.47 µs. This is the
first evidence of cooling withing the channel. To more easily distinguish the doubly
ionized lines from the singly ionized lines Figure 4.26 has been included at the end of
the full sequence. Figure 4.26 is a subtraction of the magnitudes of the lines in the
spectrum at 1.47 µs from those at 0.00 µs. The positive lines represent those which
are doubly ionized and only exist in the 0.00 µs spectra, whereas the negative lines are
singly ionized which have increased in magnitude by the next frame in the spectra.
The doubly ionized nitrogen lines which are readily identifiable are 4097 Å, 4379 Å,
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4515 Å, 4641 Å, 4867 Å, and 5321 Å. This is the first detection of doubly ionized
lines in lightning spectra. The spectrum intensity continuously decreases throughout
the rest of the spectra as the channel cools. The singly ionized line at 5005 Å best
exemplifies this trend as it is present from the beginning in Figure 4.21 until the first
spectra in Figure 4.25. Figure 4.22 shows the first signatures of the neutral copper
lines in the spectrum on the bottom left. The most noticeable copper emissions are
at 5153 Å and 5218 Å on either side of the singly ionized nitrogen line at 5180 Å.
These lines become more evident as the singly ionized lines decrease in intensity
over the course of this spectral sequence, most noticeably in Figure 4.23-Figure 4.25.
In Figure 4.25 the last of the singly ionized lines, 5005 Å, falls below the detection
threshold, leaving only the neutral lines which continuously decrease of the course of
hundreds of microseconds.
The next images demonstrate the spectra in the upper half of the spectral
range from 6300 − 8900 Å. The spectra originate from a triggered lightning flash
which occurred on August 1, 2013. These images were also recorded using the VPHVIS spectrometer at 670 kfps with an exposure time of 0.7 µs. Figure 4.27 is a stacked
spectral image of the fourth return stroke within this flash. The sequence shown in the
image is also of a hot ionized channel similar to the one discussed in the previous set of
images. In contrast to the previous images, these come from the longer wavelengths
where most of the emissions are from neutral lines. The only singly ionized lines
originating in this region are 6482 Å and 6610 Å which are both singly ionized nitrogen
lines. The most evident neutral lines are Hα, neutral oxygen at 7157 Å, 7774 Å, and
8446 Å, and neutral nitrogen at 7442 Å and 8680 Å. The first spectrum in the series
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Figure 4.21: Spectral image of triggered lightning of second return stroke from June 24, 2012 when the VPH-VIS spectrometer
was the source of lightning spectra. The spectrum can be traced from the beginning starting in the top left hand image, followed
by the top right wherein the onset of the return stroke occurs. After this the sequence continues on the bottom row from left
to right.
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Figure 4.22: Spectral image of triggered lightning of second return stroke from June 24, 2012 when the VPH-VIS spectrometer
was the source of lightning spectra. The spectra follow spectra in previous image from left to right top to bottom.
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Figure 4.23: Spectral image of triggered lightning of second return stroke from June 24, 2012 when the VPH-VIS spectrometer
was the source of lightning spectra. The spectra follow spectra in previous image from left to right top to bottom.
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Figure 4.24: Spectral image of triggered lightning of second return stroke from June 24, 2012 when the VPH-VIS spectrometer
was the source of lightning spectra. The spectra follow spectra in previous image from left to right top to bottom.
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Figure 4.25: Spectral image of triggered lightning of second return stroke from June 24, 2012 when the VPH-VIS spectrometer
was the source of lightning spectra. The spectra follow spectra in previous image from left to right top to bottom.
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Figure 4.26: The difference between the first and second spectral images of the second return stroke of triggered lightning on
June 24, 2012 using the VPH-VIS spectrometer. The positive lines are doubly ionized lines that are only evident in the first
image and the negative lines are the singly ionized lines which have increased in magnitude in the second image.

is directly before the peak of the return stroke at −1.5 µs. The only lines evident in
this spectrum are singly ionized lines which have risen above threshold level leading
up to the peak of the return stroke. The next spectrum in the sequence represents the
peak of the singly ionized lines in this return stroke. After this spectrum the singly
ionized lines last for approximately 14 µs. As the singly ionized lines are decreasing
the neutral lines are increasing and are at their maximum at the end of the sequence
when the singly ionized lines have dropped below the measurement threshold. The
neutral emission lines last for milliseconds after this sequence.
Figure 4.28 represents full spectral record of the return return stroke to more
accurately show the spectral lifetimes of the neutral emissions. The spectral images
used are from the VPH-VIS, but are represented by intensity rather than graphically
in this false streak image which shows emission lines on a gray scale. This representation is very similar to the appearance of spectra from the photographic era of
lightning spectroscopy. The ionized lines are not visible because the streak image is
composed of five thousand separate spectra stacked on top of each other, of which
only ten contain singly ionized lines. This streak image demonstrates the relative
lifetimes of the different neutral lines. In particular the contrast between the two
oxygen lines at 7157 Å and 7774 Å. The 7157 Å is relatively dim compared to some
of the other lines and drops below detection threshold around the 2 ms. The 7774 Å
on the other hand is the brightest of the neutral lines and remains visible throughout
the full record of the return stroke. A similar image of the first return stroke from
this same flash, Figure 4.29, demonstrates what continuing current looks like in the
spectral record. The 7157 Å line has once again disappeared around the 2 ms mark,
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Figure 4.27: Stacked spectra from 6300 − 8900 Å during the hot beginning portion of the fourth return stroke from August 1,
2013 recorded with the VPH-VIS.

however around 5.5 ms a resurgence of current passes through the channel reilluminating it and a few of the other lines which dropped below measurement threshold.
The other lines which are still present at the resurgence show a marked increase in
intensity as well. This current increase was not enough to cause a resurgence of the
singly ionized lines.
Throughout the lifetime of the stroke from stepped-leader to the continuing
current, the spectrum is key to understanding the dynamics within the channel. The
qualitative look at the spectrum in this chapter demonstrates the different times when
the spectrum was hot enough to ionize, sometimes doubly, atoms such as nitrogen
and oxygen, both during the leaders and the return strokes. Also during each of the
processes the neutral emission lines were being populated by the singly ionized atoms
decay. The cooler period, or non-ionized regime, lasts for a considerable amount
of time longer than the hot ionized onset. The next chapter will focus on a more
in depth analysis of the individual spectrum including calculations of the temperature regimes discussed in this chapter as well as other information utilizing theory
previously discussed.
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Figure 4.28: Streak spectral image of the fourth return stroke from August 1, 2013. The 7.5 µs streak spectrum encompasses
both the hot and cool portion of the return stroke.
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Figure 4.29: Streak spectral image of the first return stroke from August 1, 2013. The 8.9 ms streak spectrum encompasses
both the hot and cool portion of the return stroke.

CHAPTER 5

RESULTS AND DISCUSSION

The violent, brief nature of lightning makes it a challenge to study. Models
of lightning are highly speculative as to the physical parameters used for input. The
content of this chapter will help quantify many of these physical parameters and
possibly lead to further understanding of both physical parameters within the lightning channel and the dynamics for understanding and fully describing the lightning
process. Every physical parameter is connected to the fluctuation of current within
the lightning channel. The channel current is independently measured and has a direct correlation with the light emitted by the return stroke and hence the spectrum.
The temperature and number density are calculated using information from the spectrum and hence are directly related to changes within the spectrum. Five return
strokes within the same flash from August 1, 2013 are analyzed followed by information gained from other sources including alternate return strokes both triggered and
natural, continuing currents, high resolution spectrometers, and a spark generator.
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5.1

Triggered Lightning

The analysis of five strokes from the second triggered lightning flash on August 1, 2013 are presented here. These strokes have peak currents of 15.4 kA, 10.0 kA,
13.4 kA, 17.3 kA, and 10.2 kA. Triggered lightning currents typically fall under 20.0 kA,
with some of these achieving stroke status with as little as 3 to 4 kA. This sample represents a varying range of currents but also has two strokes with very similar currents.
Some of the basic physical parameters for these strokes are presented here including
temperature, relative luminosity, current, and conductivity. The relationship between
strength of the stroke and the physical parameters are explored. Furthermore, the
fourth stroke is considered in more detail because it has a long continuing current
and biggest peak current.

5.1.1

Return Stroke
The temperature of the five strokes was calculated using the ratio of the singly

ionized nitrogen lines of 6480 Å and 6610 Å. In Figure 5.1 the temperature profiles for
each are plotted out to about 10 µs. At this point the singly ionized lines are nearing
background levels, and the temperature measurements become unreliable. The peak
temperature of the strokes in order are 34800 K, 35200 K, 35400 K, 42600 K, and
32500 K. The peak temperature of each stroke occurs at the onset of the return
stroke. Only the temperature before the onset of the return stroke as the initial
propagation travels past the field of view is recorded here, even if the return stroke
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included a leader. The lowest temperature measurement in each of the strokes is just
above 20000 K.
Peak temperatures from Orville’s 1968 work range between 18000 K and 36000
K, the majority occurring between 28000 K and 31000 K. Prueitt’s peak temperatures measured five years previous to Orville’s work, ranged from 24200 to 28400 K.
Prueitt’s work focused on stroke level measurements where as Orville’s were integrations over five microseconds [37] [8]. The present data is integrated over 0.7 µs, a
fraction of that time. The shorter integration time means that the data is averaged
over a smaller range of temperatures. Hence, if the first three temperatures, or 4.5
µs from the peak of the return stroke, are averaged the results would match those of
Orville and Prueitt. Since the spectral data was taken of triggered lightning, current
information is also available for the flash. Note that the stroke’s peak current value
does not dictate the peak temperatures. For example, the three temperature values
around 34000 K correspond to current values of 10 kA, 13.4 kA, and 15.4 kA. Where
as the temperature for the 10.2 kA stroke was calculated to be about 32000 K. This
implies that the peak temperature may not just be a function of the peak current.
After the initial peak, the temperature quickly drops tens of thousands of Kelvin
within this 10 µs time period. After this the singly ionized lines have dropped below
detection threshold, and the temperature measurements are dependent on neutral
atomic constituents.
Now, a look at the current and luminosity for these strokes is necessary to get
a more complete picture of what is occurring during these first microseconds of the
return strokes. First, in Figure 5.2 the five current profiles are presented on the same
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Figure 5.1: Temperatures for five return strokes from triggered lightning. Temperatures were calculated using the singly
ionized lines surrounding the Hα line for a triggered lightning flash which occurred on August 1, 2013.

time scale as the temperatures before, −5µs to 15µs. The peak currents coincide
in time with the peak temperatures occurring at the onset of the return stroke at
0 µs. Each has a rise time on the order of a few microseconds and only drop a few
kiloamps within those first 15 µs. Notable features in the current profiles are the two
pairs at the bottom and top. The two lower current profiles, with very near peak
temperatures, reverse position as to which is greater following the peak. And the two
with the highest peak currents converge within 5 µs to having very similar currents
from that point on in the plot. A second look is taken of both of these pairs when
the wider profiles are shown.
Next, the luminosity of the five strokes is presented in Figure 5.3. All five
stroke luminosities are well separated for the these first 15 µs after the onset of the
return stroke. Also note that the peak luminosities of the strokes follows that of the
peak current, unlike the temperature. The relative luminosities here are based off of
the maximum luminosity count in the fourth stroke, since it is the brightest. Also
note the peak luminosity occurs a frame after the peak current and temperature. This
is explained through the ionization states and abundance of lines at different temperatures during the return stroke. Peak luminosity always follows peak temperature
in the visible to near infrared range. The peak luminosity time relative to the return stroke is dependent on the wavelength range of the measurements. Studies with
wavelength ranges predominantly in the ultraviolet or infrared region may display
differing delay times relative to the return stroke.
In order to understand the current and luminosity relationship better, each
were plotted out to 100 µs to observe their trends. Figure 5.4 shows the current,
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Figure 5.2: Currents for five return strokes from triggered lightning. Currents were measured at the base of the channel on
the launcher for a triggered lightning flash which occurred on August 1, 2013.
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Figure 5.3: Luminosities for five return strokes from triggered lightning. Luminosities were calculated by summing the spectral
signatures for a triggered lightning flash which occurred on August 1, 2013.

and once again the relationship between the pairs at the top and bottom can be
seen. However, now that the time has been extended it is clear that the top pair
begin to diverge and remain relatively constant separation, where as the bottom pair
eventually converge and remain for some time. Now, the luminosity in Figure 5.5
looks similar to the current patterns once they are compared at the longer time scale.
The top pair of luminosities remain separated where as the bottom pair are very
similar. The luminosity profile seen in Figure 5.5 also shows the difference in how
the channel changes from the short hot period at the beginning to the long cooling
period. The luminosity profile has a steep drop off at the very beginning but then
levels out. This is also evident in the long term temperature measurements for the
fourth stroke using neutral oxygen lines. The intensity of the neutral lines decrease
very slowly compared to the ionized lines. Doubly and singly ionized lines last for
less than a microsecond to a few tens of microseconds at the longest, respectively,
whereas the neutral lines can last for milliseconds. This is very distinctive of the
physical nature of the size of the channel. In the very first microseconds the channel
is very hot and begins to expand. Maintaining this hot temperature with a expanding
channel would require much more energy input. From the ideal gas law, it is evident
that with a rapid expansion of the channel, a rapid cooling would occur. The channel
then begins to equilibriate with the outside pressure. Once this occurs the energy
loss is slowed which is why there are low long lasting temperatures, luminosities, and
number densities.
Another physical parameter calculated from these early spectra is the conductivity. The conductivity is mainly a function of temperature and number density ratio
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Figure 5.4: Currents for five return strokes from triggered lightning out to 100 µs. Currents were measured at the base of the
channel on the launcher for a triggered lightning flash which occurred on August 1, 2013.
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Figure 5.5: Luminosities for five return strokes from triggered lightning out to 100 µs. Luminosities were calculated by summing
the spectral signatures for a triggered lightning flash which occurred on August 1, 2013.

of ions to electrons. Using Gilmore’s tables of air populations for high temperatures
and extrapolating for the temperatures which were higher than 25000 K, the conductivity has been calculated [34]. Shown in Figure 5.6 are the conductivities for the
five strokes return strokes. The peak conductivities range from 160 to 250 (Ω cm)−1
which coincide with the peak temperatures. These values are slightly higher than 180
(Ω cm)−1 calculated by Martin Uman in 1964 [11]. The lower value is due in part to
the lower peak temperature value. In Uman’s paper he also mentions values obtained
in spark conductivity experiments which range from 100 to 500 (Ω cm)−1 done by
Gorin and Inkov in 1962 [43].
As mentioned previously, the fourth stroke of this series has been selected for
more in depth analysis to demonstrate other quantitative information which can be
obtained by further investigating the spectrum. First, the electron number density
is calculated using both the Saha equation and the width of the Hα line. The Saha
equation is only valid during thermodynamic equilibrium and requires that spectral
lines of multiple stages of ionization for the same element. The line 6610 Å and the
nitrogen triplet at 7444 Å were used as to get the ratio used in the Saha equation.
The Saha equation was only used for the first 9 µs because the singly ionized line falls
below threshold. After the ionized line falls below threshold, the FWHM of the Hα
line at 6563 Å is then used to continue calculating the number density measurements.
Figure 5.7 shows the number density from the onset of the return stroke out to 30 µs.
In this log-lin plot the number density peaks at 5x1025 m−3 , an order of magnitude
greater than previously assumed values. However, this high number density is short
lived, and by 6 µs the number density has fallen to 7x1023 m−3 . It is at this point that
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Figure 5.6: Conductivities for five return strokes from triggered lightning. Conductivities were calculated using temperature
and number density which were derived from the spectral signatures for a triggered lightning flash which occurred on August
1, 2013.

the singly ionized lines have fallen significantly enough to start measuring the FWHM
of the Hα line. The values of the number density from both calculations are congruent
at this time. And after a few microseconds as the singly ionized lines die out only the
Hα measurements are useful. Figure 5.8 shows the number density along with current
continued from the previous plot, from 20 µs to 420 µs. The number density starts
around 4.8x1023 m−3 and levels out around 1.8x1023 m−3 . The current and number
density follow similar paths throughout the stroke.
Calculations of the number density and temperature allow speculation on the
pressure within the channel, in particular the electron pressure. The ideal gas law is
assumed to be valid within the channel, hence the number density and temperature
are sufficient to calculate the pressure. In the early stage the Saha equation derived
electron number densities are used, as are the temperatures derived from singly ionized
nitrogen lines. After the 9 µs the number densities are derived from the Hα FWHM
and temperatures from the neutral oxygen lines. Figure 5.9 is a log-lin plot showing
the change in electron pressure from the peak of the return stroke out to 30 µs. The
electron pressure peaks around 300 atm then falls to between 1 − 2 atm after 10 µs
The electron pressure is presented here since the number density is of electrons and
not atoms in the air.
Figure 5.10 is zoomed in on the times after the pressure has dropped below
10 atm so that the change in the later values can also be seen. The electron pressure
continues to decrease as the temperature and number density decrease. After the
temperature drops below 24000 K, values for the total pressure can be acquired using
composition tables of air [34]. For example the first pressure data point below 24000
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Figure 5.7: Number density for the fourth return stroke of a triggered lightning flash. Number density was calculated for
the fourth stroke of a triggered lightning flash which occurred on August 1, 2013. A combination of the Saha equation and
measurements of the FWHM of the Hα line were used to calculate the electron number density out to 30 µs.
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Figure 5.8: Number density for the fourth return stroke of a triggered lightning flash. Number density was calculated for the
fourth stroke of a triggered lightning flash which occurred on August 1, 2013. Measurements of the FWHM of the Hα line were
used to calculate the electron number density out to 420 µs.
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Figure 5.9: Electron pressure within the triggered lightning channel. Electron pressure was calculated for the fourth stroke of
a triggered lightning flash which occurred on August 1, 2013. Measurements of the number density and temperature were used
along with the ideal gas law to determine the pressure due to the electrons.

K is at 9 µs. In Section 2.5, it was shown that Patoms = 1.23Pe . Since the calculated
electron pressure was 2.2 atm at 9 µs, this means that the atomic pressure is 2.7
atm, and the total pressure is 5 atm. At this temperature, Uman et al. calculated
atmospheric pressure at 18 atm and electron pressure of 14 atm. However, their
calculated number density is an order of magnitude greater. This is more than likely
due to the fact that the data is summed over the hottest portion of the channel where
the number density is much greater, and the average will be skewed toward higher
than actual values [9]. If the values are scaled off the number densities, then the
values are equivalent.

5.1.2

Dart-Stepped Leader
By zooming out on the fourth return stroke other important lightning phe-

nomena can be observed. In particular the dart-stepped leader which occurs before
the onset of the return stroke. The sequence of the spectrum can be seen in the
previous section in Figure 4.13. Figure 5.11 shows the luminosity and temperature of
the dart-stepped leader from 12 µs before the return stroke until its onset. The first
data point represents the moment the spectra crosses the field of view of the camera and represents the greatest temperature, around 33000 K. As the leader travels
downward the temperature drops until another step occurs reilluminating the channel, where the next temperature peak occurs, around 30000 K. The final peak is a
measurement right before the return stroke occurs as the channel is being illuminated
upwards. The luminosity follows the track of the temperature. There have been a
few papers regarding leader spectrum including two by Orville and more recently
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Figure 5.10: Electron pressure within the triggered lightning channel for pressures less than 10 atm. Electron pressure was
calculated for the fourth stroke of a triggered lightning flash which occurred on August 1, 2013. Measurements of the number
density and temperature were used along with the ideal gas law to determine the pressure due to the electrons.

by Warner, Orville, Marshall and Huggins. The 1968 Orville work as well as the
2011 Warner et al. work only reproduce the spectrum at 20 µs and 99.6 µs, respectively [44] [17]. In Orville’s 1975 paper however detailed analysis of the dart leader
produces temperatures around 20000 K, but it is also noted that this temperature is
lower than the peak temperature in a dart leader as the spectra were recorded with
a 9 µs resolution. This is similar to the integrating over multiple frames in the return
stroke for the temperature that was discussed previously [16]. During the initial step
in the present measurements it is possible that the temperature is higher as well due
to the integration. But it is evident from the leader spectra presented in the previous
section that the leader is very similar in shape to the return stroke, although much
dimmer. This in itself lends credence to the high temperatures during the leader.

5.1.3

Continuing Current
Following the return stroke sometimes there is a continuing current. In some

cases before the current has died out an increase of current will occur within the
channel, increasing luminosity, temperature, etc. The current has a much slower rise
time than that of the onset of the return stroke, although it still creates changes
in the physical properties within the channel. Changes in luminosity, temperature,
and number density are observed with changes in current as measured at the base
of the channel. The continuing current in the spectral record can be seen in the
streak image of the fourth return stroke presented in Figure 4.28. The increase in the
current first occurs around 1 ms and the then at 1.4 ms. The following figures show
each of these calculations from 650 µs after the onset of the return stroke out to 2 ms.
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Figure 5.11: Temperature and luminosity for the dart-stepped leader of the fourth return stroke from August 1, 2014.
Temperature and luminosity were calculated for dart-stepped leader of the fourth stroke of a triggered lightning flash which
occurred on August 1, 2013. Temperature measurements were determined from the ratio of the singly ionized lines surrounding
Hα. The luminosity was determined by summing the signal from the spectral emissions. The spectra relating to this dart-stepped
leader can be seen in Figure 4.13.

First, Figure 5.12 shows the luminosity over this period changing almost in sync with
the current, possibly slightly before. It is observed throughout all the data that the
luminosity and current are very closely tied. Even with very small current increases,
changes in the luminosity are observed.
Figure 5.13, shows the temperature during this same period. Although the
temperature does change with the current, it is not as defined as the luminosity. The
temperature seems to be following the current and reacting slower to the current than
the luminosity. This is as evident in the heating as it is the cooling. Even so the two
peaks in the current can be seen by peaks in the temperature values. The calculation
of the number density is presented in Figure 5.14. Although the Hα line change
is subtle, it is clear that the number density also changes slightly with the current.
However, in this case the larger increase occurs at the onset of the current pulse rather
than at the large peak in the current. This is possibly due to the increased current
within the channel. When the current increases it would cause the induced magnetic
field surrounding the channel to increase. An increase in the induced magnetic field
would cause a magnetic pinch of the channel which would decrease the radius, which
in turn would increase the number density since only the volume of the channel would
decrease. These values of number density in the continuing current match with the
lowest values measured by Orville which were in the 1.5x1023 m−3 range [37]. There
is relatively little data on the continuing current with regard to spectra, so present
comparisons are for the tail end of previous measured return strokes.
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Figure 5.12: Luminosity and current for the continuing current following the fourth return stroke from August 1, 2014.
Luminosity was calculated for the continuing current of the fourth stroke of a triggered lightning flash which occurred on
August 1, 2013. The luminosity was determined by summing the signal from the spectral emissions. The spectra relating to
this continuing current can be seen in Figure 4.28.
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Figure 5.13: Temperature and current for the continuing current following the fourth return stroke from August 1, 2014.
Temperature was calculated for the continuing current of the fourth stroke of a triggered lightning flash which occurred on
August 1, 2013. The temperature was determined from the ratio of neutral oxygen lines. The spectra relating to this continuing
current can be seen in Figure 4.28.
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Figure 5.14: Number density and current for the continuing current following the fourth return stroke from August 1, 2014.
Number density was calculated for the continuing current of the fourth stroke of a triggered lightning flash which occurred on
August 1, 2013. The number density was determined by measuring the FWMH of the Hα line. The spectra relating to this
continuing current can be seen in Figure 4.28.

5.2

Natural Tower Lightning

Natural lightning spectroscopy has been captured on multiple occasions for
lightning which terminates on the top of the WAFF-48 television tower on the top of
Monte Sano in Huntsville, AL. Due to its altitude and structure, the tower gets struck
more frequently than the surrounding area. Because of the quasi-predictable nature
of these strikes, it makes them the excellent candidates for optical studies. Since
the location of the strikes is known, the spectrometer can be aligned for repeatable
measurements in specific wavelength ranges.
The tower lies approximately 10 km from the National Space Science and Technology Center cupola, where the spectrometer is located. At this distance each pixel
represents approximately 4.2 m. Also at this recording distance much more of the
channel can be seen compared to the channel length in triggered lightning. In order
to obtain useful information about the spectrum along the height of the channel, the
number of vertical pixels was increased to 256, or just over a kilometer in the vertical.
At the pixel resolution of 1024x256, the speed of the Phantom camera is 28 kfps. At
this speed it is difficult to quantitatively study singly ionized lines, so the setup was
arranged such that the VPH-VIS recorded the neutral lines in the wavelength range
from 7000 − 9500 Å. Since changes in the neutral spectrum typically occur slowly,
the exposure time of 31 µs is satisfactory for studying the spectrum in this region.
Figure 5.15 is the full spectral image of a tower return stroke from February
20, 2014. This image represents a single frame 143 µs after the peak of the return
stroke. The spectral lines have been labeled for ease of identification. The lines are,
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as expected, the same as those in triggered lightning post return stroke peak, during
the cooling period. Due to the alignment, other lines such as oxygen at 9226 Å and
nitrogen at 9393 Å can also be seen. Also noticeable in Figure 5.15 are horizontal lines
across the spectrum at locations where the channel has a significant horizontal path.
These lines look similar to those earlier in the streak spectral images. Although both
come from an increase in the background, or continuum, the mechanism responsible
for each are different. These lines represent a superposition of of spectrum from each
pixel which the horizontal channel length fills. In the regions without atomic emission
lines each pixel spectrum contributes to the background, increasing the light value in
that row by the number of pixels. When viewed against normal backgrounds above
and below, this increase manifests itself as a horizontal artifact in the spectrum.
The spectral image of the tower lightning was analyzed to determine if there
was any significant differences along the height of the channel. The pixels were separated into groups of eight pixels. Horizontally extended lightning channel segments
were disregarded because the source becomes spatially unresolved at these locations.
The results from luminosity and temperature analysis are presented in Figure 5.16
and Figure 5.17, respectively. For Figure 5.16, the average of the eight pixels was
summed to obtain luminosity in each region. The portion of the lightning channel
nearest to the top of the tower is the dimmest, and the channel brightens the higher
the altitude of the channel. Although there are some deviations, the trend is evident.
This is counter to evidence from natural lightning flashes; however, more studies need
to be done to confirm the veracity of these height dependency claims for the spectral luminosity. In Figure 5.17, the temperature has been calculated for the same
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Figure 5.15: Spectrum of natural lightning emanating from a tower. Spectrum recorded with the VPH-VIS of a natural
lightning channel emanating from the top of the WAFF-48 television tower on top of Monte Sano in Huntsville,AL. Major
atomic lines are labeled for ease of identification.

groupings as before. There is a trend of increasing temperature with altitude, but in
this case the outliers are more evident. If the largest outliers are ignored, there is a
difference of about 2000 K across the kilometer field of view.

5.3

Hα and 7774 Å Spectrometers

Previously, the Hα line was used to determine the electron number density
from the spectra recorded with the VPH-VIS. However, the VPH-VIS was not the only
source of Hα spectra during the course of this research. The VPH-6563 spectrometer
was connected to the Princeton camera to acquire Hα with a spectral resolution of
0.2 Å per pixel. This instrument was designed to focus solely on the 6563 Å emission
line. Due to the nature of the trigger within the camera there is only post trigger
information regarding the shape of the line. Since there is no accompanying spectral
data of this region, only the shape of the emission line will be discussed here.
The first spectrum of the Hα line shown in Figure 5.18 is very broad and
corresponds to a time nearer the maximum electron number density. It was mentioned
in the theory section that there are multiple types of broadening which can affect the
natural shape of a spectral line which is Lorentzian. In particular the two strongest
were the Stark broadening and Doppler broadening. Also during this early period,
the corona sheath which is feeding the channel with electrons may play a role in
influencing the shape of the Hα line via the direct Stark effect as the electric field
is very strong in this region. Stark broadening is due to the electric microfields of
the surrounding particles splitting the Hα line into multiple emitters. These multiple
line emissions which are shifted Lorentzian profiles are manifested as a broadened
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Figure 5.16: Luminosity profile of natural lightning emanating from a tower. The spectrum was used at each height location
to determine the luminosity level. Luminosity levels appear to increase with height along the channel.
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Figure 5.17: Temperature profile of natural lightning emanating from a tower. The ratio of the two neutral oxygen lines at
7147 Å and 7774 Å was used to determine the temperature from the spectrum. Although more spread than the luminosity, the
temperature also appears to increase with height

line. Doppler broadening is a shift in the observed velocities of the particles which
causes a Gaussian deformation of the spectral line. In this broadened Hα image both
a Gaussian influenced Lorentzian and multiple Lorentzian profile have been plotted
with the data. Although both profiles match relatively well around the peak of the
line, it is in the wings where the Gaussian profile fails to reproduce the curve of
the data. This implies, at least at this stage, the effect of the Doppler broadening is
negligible. The multiple Lorentzian profile, although not perfectly aligned, reproduces
the slowly tailing wings better. More simulations and earlier Hα curves should tell
us much more about what is happening at this early stage of the Hα evolution.
In Figure 5.19, 80 µs later in the evolution, the shape of the curve is much
less broad. This is as expected since the broadening mechanisms are proportional
to the electron number density as well as the temperature, and it was shown earlier
through the lifetime of a stroke, excluding continuing current increases, that both
should decrease. Once again the Gaussian curve fails to follow the emission profile in
the wings. In this case however, the multiple Lorentzian also fails to match the shape
of the curve once it goes beyond the central peak. A single centralized Lorentzian fits
the data much more closely. The effect of the Stark broadening, previously shown
to be the strongest of the broadening mechanisms, has greatly diminished from the
first image. The FWHM has dropped from 32 Å to 10 Å, which means the number
density has dropped to about 20% of the original value in the first Hα spectrum.
Finally, Figure 5.20 shows the profile 160 µs after the initial image. In this image the single Lorentzian maps the Hα curve which has decreased both in broadening
and amplitude. The FWHM of the Hα line is now 7 Å which means the population
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is about 10% of that in the first Hα spectrum. This is just a cursory exploration of
the shapes of the curves of the Hα line; however, the figures demonstrate the evolving nature of the line throughout the lifetime of the stroke and the importance of
understanding the different mechanisms that affect the spectrum.
Another high resolution grating which was periodically switched out with the
VPH-6563 was the VPH-7774, which is designed to observe the oxygen triplet emissions at 7771.9 Å, 7774.2 Å, and 7775.4 Å. Since the spacing between these lines is only
3.5 Å it is unresolved with the VPH-VIS. The VPH-7774 was designed with 0.25 Å per
pixel each emission line is resolved. This line is of particular interest to lightning detectors which use space-based optical measurements including the Lightning Imaging
Sensor (LIS) and the GLM (Geostationary Lightning Mapper). This line was chosen
due to its location in the solar spectrum, making it possible to detect lightning even
during peak solar albedo hours [45] [46]. The goal is to look at the evolution of
these this line over the course of the return stroke. In Figure 5.21 are spectral images of the oxygen triplet from two sources: triggered lightning and a discharge tube.
Figure 5.21(a) is from the second triggered lightning flash on June 14, 2013. The
triplet in the spectrum is not fully resolved, and this is believed to be due to broadening of the oxygen lines, which without broadening would easily resolve these lines.
Modeling of these three lines to determine the properties of each is needed to better
understand the evolution of this triplet within the lightning channel. Figure 5.21(b)
is the spectrum from an oxygen discharge tube. It demonstrates the capabilities of
the instrumentation as well as the three emission lines. Both Figure 5.21(c) and
Figure 5.21(d) are enhanced views of the first two images. Figure 5.21(d) shows the
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Figure 5.18: Fit of high resolution Hα with VPH-6563 at onset. High resolution spectral image from 6480 − 6520 Å of Hα
emission after the onset of a triggered lightning return stroke. The fits represent broadening due to Stark splitting (multiple
Lorentzian) and including Doppler broadening (Gaussian*Lorentzian).
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Figure 5.19: Initial peak copper emission spectrum of the IS. High resolution spectral image from 3850 − 6300 Å of copper
emissions during an IS process of triggered lightning. The emissions at 4000 Å, 5150 Å, and 5220 Å are broadened compared to
most other emission lines present.
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Figure 5.20: Initial peak copper emission spectrum of the IS. High resolution spectral image from 3850 − 6300 Å of copper
emissions during an IS process of triggered lightning. The emissions at 4000 Å, 5150 Å, and 5220 Å are broadened compared to
most other emission lines present.

amount of resolution of the triplet that this instrument can achieve. Information
obtained from observing the resolved and unresolved multiplets could be very helpful
for investigations involving different broadening mechanisms. With further research
and modeling these lines could yield information regarding the magnitude of the different types of broadening or even number density. The key however to observing
this multiplet resolved would be either in the very early stages during a leader or in
the latter stages of its evolution when the lightning channel has cooled significantly.

5.4

Spark Spectrum

It was mentioned earlier that the lower part of the triggered lightning channel
could be considered a very long copper wire burn. It was shown in Figure 4.1 through
the spectrum of each that this comparison was accurate. The natural lightning channel however uses ionized air as its conducting path and hence its analog must as well.
Sparks generated in ambient air are the small scale equivalent to the natural lightning
channel. There are many sources of sparks such as laboratories which have meters
long sparks, static electricity which are typically less than a centimeter, and Van de
Graaff generators which can produce sparks of less than a meter. A Van de Graaff
generator was acquired to create these sparks in our laboratory. The lifetime of the
spark is much shorter than that of the lightning return stroke. A recording speed
of 100 kfps was chosen to ensure enough light was available for the spectrum to be
visible. The spectra were recorded using the VPH-VIS in both of configurations to
acquire the lower and upper wavelength ranges. The camera was 2 m away from the
spark, so each pixel has a spatial resolution of 0.8 mm. Figure 5.22 is an overlay of
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Figure 5.21: High resolution spectra of triggered lightning and discharge tube of the 7774 Å oxygen triplet. Four views of the
spectrum of the 7774 Å oxygen triplet recorded with the Princeton ProEM and the VPH-7774 grism. In image (a) is the 7774 Å
line as seen in triggered lightning early in the lifetime of a triggered lightning stroke. Image (b) is the same line recorded with
an oxygen discharge tube as the source. Images (c) and (d) are zoomed in versions of (a) and (b), respectively. In (d) it is clear
that the ability to almost completely resolve the triplet is possible.

the spark spectrum and return stroke spectrum in the lower wavelength range from
3900 − 6300 Å. Due to the number of emission lines in the lower wavelength range
the images have been offset so that comparison is simpler. The two spectrum are
markedly similar. The major singly ionized lines that one would expect to see in
this region are mimicked in the spark spectrum. Notable differences in the spectra
include blended, missing, and different lines. The lines in the spark spectrum appear
to be less sharp than those of the lightning spectrum because the spatial resolution
is only 0.8 mm. The size of the spark spatially is at the very least on the order of a
few millimeters which means that every emission feature will be spread across that
same number of pixels. The lightning spectrum is taken 200 m away with a spatial
resolution of 8.0cm which is larger than the lightning channel, which ensures good
spectral spatial resolution. Many lines in the lightning spectrum cannot be seen in
the spark spectrum because of the difference in the amount of emitters. The number
of emitters is related to the brightness of the emission feature. The lines are present,
but they do not have the collective brightness to reach the measurement threshold.
Also noticeable is the difference in the 6100 − 6300 Å region. In the spark spectrum is
a neutral line associated with oxygen 6157 Å where as in the lightning spectrum there
are ionized lines present. The spark spectrum is integrated over a much longer period
where neutral lines would be increasing significantly, whereas the lightning spectrum
is integrated for only a microsecond at most and occurs at the onset of the return
stroke where singly ionized lines dominate. Figure 5.23 shows the spark spectrum and
return stroke spectrum overlapped from 6200 − 8750 Å. In this case the emissions are
much more organized so the spectra are directly overlaid. The images are once again
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almost exactly the same. Differences in this spectra include some of the same as the
last. The lightning spectrum has a a few more emission lines and is much sharper,
both noticeable in the 8600 Å and 7400 Å multiplets respectively. Although less noticeable is the line ratios which can be very subtle to detect. Most noticeably looking
at 7157 Å and 7774 Å the ratio in the spark is lower than the lightning, referencing
Figure 2.2 this would imply that the temperature in the lightning spectrum is higher
than that of the spark. Although much could be read into this the timescales are
significantly different and much more investigations with sparks would be necessary
for any relevant speculation.
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Figure 5.22: Overlay of spark spectrum on lightning spectrum from 3900 − 6300 Å. The spark spectrum was recorded at
100 kfps from a Van de Graaff generator. This image is a comparison of that spectra and that of natural lightning from
3900 − 6300 Å
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Figure 5.23: Overlay of spark spectrum on lightning spectrum from 6200 − 8700 Å. The spark spectrum was recorded at
100 kfps from a Van de Graaff generator. This image is a comparison of that spectra and that of natural lightning from
6200 − 8700 Å

CHAPTER 6

CONCLUSIONS

The purpose of this study was to provide a source of lightning spectra from
the modern era and to re-evaluate the physical attributes of the lightning channel
derived from these spectra. Modern CMOS and CCD cameras were used to record
stepped leaders, dart-stepped leaders, return strokes, and continuing currents for both
triggered and natural lightning at speeds up to 1 Mfps. These spectra were then analyzed to provide insights into the nature of the lightning channel and how it evolves
over the entire lifetime of the stroke. Temperatures, number densities, luminosity,
conductivity, and pressure were all calculated from the lightning’s spectrum. Triggered lightning and tower initiated lightning were the major source of lightning for
these studies as their position and occurrence were predictable. One of the major
advantages of using triggered lightning as the source is that the current for each of
the strokes analyzed is measured and presented alongside quantitative measurements.
The spectrum was analyzed qualitatively for line identification and trends in
the lifetimes of the multiple species of atomic constituents which are present in the
spectrum. Many of the identified lines were already very well known, such as the
Hα and 7774 Å lines as well as many other singly ionized and neutral nitrogen and
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oxygen emissions. However, doubly ionized emission lines were also recorded. This
is the first time these lines have been observed in the lightning spectra. The doubly
ionized are only present in the first frame, or within the first 1.5 microseconds after
the return stroke, when the channel is its hottest. After this frame, the singly ionized
lines are repopulated, followed by the neutral lines. This should be of great interest
to those conducting optical measurements as the ionized lines and the neutral lines
populate very different regions of the spectrum. For example, the peak of optical
measurements for an infrared wavelength detector should occur later in time than the
return stroke since almost all of the neutral emissions lie in the near infrared, and their
peak does not occur until about 10 microseconds into the return stroke. The doubly
ionized lines will also be of great interest with higher speeds and greater resolution,
as the measurement of these lines should yield information about the evolution of
the temperature during the early part of the return stroke (< 1 µs) as well as the
possibility of LTE during the very early stages.
The initial stage of the triggered lightning presented itself in the spectrum as a
copper wire burn, which was as expected. There was a lack of atmospheric excitations
during this period, besides a small Hα signature. And although the copper signatures
were very strong during the initial stage, these emissions fall off very sharply once the
return stroke sequence begins. The copper lines do persist throughout the spectrum
of all the return strokes but are dim and long lasting. These emissions are only
distinguishable once the singly ionized lines have ceased.
Also recorded were high speed spectra of the channel during the dart-stepped
leader process. The leader spectrum presented in Figure 4.9 and Figure 4.13 showed
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that the leader spectrum looks very similar to that of the return stroke, only much
dimmer and shorter lived. The spectrum of the dart leader also revealed a reionization
process accompanying the stepping process. With each step that ionizes the air out
in front of the channel, there is a current that flows through the channel. This current
causes singly ionized emissions which quickly die out which consequently continue to
feed the neutral emissions. With each ionization the neutral emissions grow over the
lifetime of the leader. Analysis of the temperature during one of the leaders showed
that the temperatures fell between 23000-32000 K. Due to the dimness of the channel
and and in particular certain neutral emission lines, temperatures between subsequent
steps have yet to be measured.
The return stroke spectrum was also investigated in the wavelength range from
the soft ultraviolet to near infrared (3800 − 9500 Å). It is essential to observe the
spectrum across such a wide range because of the two active spectral regimes of the
hot channel and the cooling channel. During the hot regime, or the early spectrum
when ionized lines are present, temperatures were calculated to be above 40000 K
in some cases but typically in the mid 30000 K range at onset. These temperature
measurements are higher than previous investigations due in part to the greater time
resolution which ensures that the temperature is averaged over a smaller range of
time. After this initial hot period (∼ 10 µs), the ionized lines drop below detection
threshold, and the neutral lines are at their maximum. Temperatures during this
period begin around 20000 K. The cooling is a very long process and can last for
milliseconds.
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One of the major advantages of using triggered lightning as the source is
the current is also measured in concert with the spectrum. From the analysis of
the August 1, 2013 flash, the peak temperatures ranged from 33000 to 43000 K for
the five strokes. It would seem that the peak temperature values were not totally
determined by the peak current values, implying that the peak temperature is not
solely related to peak current. The peak luminosity values did however match with
their corresponding peak current values. The peak luminosity of the return stroke
occurred a frame after the peak temperature. This is expected since the luminosity
is tied closely to singly ionized and neutral emissions rather than doubly ionized
emissions. This delay will be different based on the the spectral range which is
chosen for optical measurements. The conductivity from these five strokes ranged
from 160 to 250 (Ω cm)−1 . These values are slightly higher than those presented by
Martin Uman but fall within the range he cites for sparks analyzed by Gorin and
Inkov in 1962 from 100 to 500 (Ω cm)−1 [43] [11].
Calculations of the number density within the channel yielded values about
an order of magnitude greater than previously calculated results. This value was
attained using the Saha equation which requires that LTE exist within the channel
during this period. This elevated value quickly drops into the expected, or previously
calculated regime, within a couple of frames. Once the singly ionized lines dropped
below threshold the number density was calculated using the FWHM of the Hα line.
Number densities during this period coincide with previous calculations and have the
same lower threshold of around 1.5x1023 m−3 . The electron pressure at the onset
of the return stroke was found to be around 300 atm, much higher than previous
146

measurements; however, both the temperature and number density were higher than
that for previous investigations.
Although only a few images have been recorded with the VPH-7774 and VPH6563, some analysis was shown in order to see the power of these two grisms. First,
the VPH-6563 recorded the Hα spectrum after the return stroke. The shape of the Hα
curve is important for determining the number density. Different curves representing
the different types of broadening (Doppler, Stark, and natural) were superimposed
onto the curve to show how the curve changes over the lifetime of the stroke. Better
triggering as well as more in depth analysis of this feature is necessary for more
meaningful information; however, it is included here to show the capabilities of the
instrumentation. Similarly, the VPH-7774 records the oxygen triplet at 7774 Å. An
image recorded of lightning was compared to that from an oxygen discharge tube.
This line is important for study because it is the filter which is used in space based
lightning observations. Lastly, a Van de Graaff generator was used to create a spark
in the laboratory with the VPH-VIS to show the similarities between the spark and
the lightning spectrum. The spectra of the two match up relatively close. In order
for this analysis to be more meaningful faster frame rates of the spark spectra are
needed.
This research has utilized advanced technology to further the field of lightning
spectroscopy; however, there is still much to be learned. High speed cameras have
yet to fulfill the necessary sub-microsecond frame rates necessary to describe the
temperature profile during the heating period. This research showed mainly high
resolution spectra from the regions of 3800 − 6000 Å and from 6000 − 9000 Å. It
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would be prudent to have these regions, as well as ultraviolet spectra with high
resolution recorded simultaneously to understand the full evolution of the lightning
spectrum. More advanced computer modeling of the spectrum is necessary for further
analysis, e.g. broadening of lines other than Hα, recombination, modeling of NOx
output. Also, moving forward it will be essential to adapt lightning model inputs
based on the quantitative results from this research. Many of the inputs for gas
dynamic or electromagnetic models of the lightning channel include temperature,
conductivity, pressure, and number density. Since current results are significantly
higher than previous measurements, models will need to be updated to accommodate
new information. Higher time and spatial resolutions are essential in future studies
to determine the actual nature of the LTE and opacity of the channel during the
different stages, especially the hot period when the validity of LTE is questionable
during the very early stages as the channel is forming. Since this research also focused
heavily on triggered lightning as a source, more immediate plans involve methods for
capturing natural lightning return strokes and leaders. Currently there is a truck
dedicated to optical studies of lightning, which would make it possible to get closer
to the towers. This would enable either a high speed or steep vertical view of leaders
off of the tower as well as natural return strokes. It would also be possible to travel
with the camera to record lightning from approaching storms.
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APPENDIX A

SPECTRAL LINE IDENTIFICATIONS

Table A.1: Identified Lines of Copper and Hydrogen
in the Spectrum of the IS of Triggered Lightning. The
roman numeral following atomic abbreviation indicates
ionization stage, i.e. N I is neutral nitrogen, N II is singly
ionized, etc. The line characteristics are as follows: wide
line (w), multiple lines blended together (bl), weak emission line (l), and strong emission line (s). New emission
lines will be noted with N.
Wavelength (Å)
4015.8
4022.63
4042.55
4062.64
4069.53
4073.22
4104.22
4111.4
4121.69
4123.27
4177.76
4230.94
4242.26
4248.96
4259.40
4275.11

Atomic Identification Line Characteristic
Cu I
Cu I
Cu II
Cu I
Cu I
Cu I
Cu I
Cu I
Cu I
Cu I
Cu I
Cu I
Cu I
Cu I
Cu I
Cu I
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4328.68
4335.98
4354.74
4378.20
4415.54
4480.35
4509.37
4530.79
4539.70
4586.97
4642.58
4651.12
4674.72
4697.49
4704.59
4767.42
4776.22
4797.04
4814.87
4829.34
4842.29
4861.32
4866.16
4915.83
4930.71
4950.96
4985.51
5016.61
5034.36
5076.17
5105.54
5111.91
5144.12
5153.24
5200.87
5212.78

Cu I
Cu I
Cu I
Cu I
Cu I
Cu I
Cu I
Cu I
Cu I
Cu I
Cu I
Cu I
Cu I
Cu I
Cu I
Cu I
Cu I
Cu I
Cu II
Cu II
Cu I
Hβ
Cu I
Cu II
Cu II
Cu II
Cu II
Cu I
Cu I
Cu I
Cu I
Cu I
Cu I
Cu I
Cu I
Cu I
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5218.20
5220.07
5250.52
5292.52
5352.67
5354.95
5360.03
5376.87
5391.62
5432.05
5463.14
5554.94
5700.24
5732.33
5782.13
6223.72
6325.37

Cu
Cu
Cu
Cu
Cu
Cu
Cu
Cu
Cu
Cu
Cu
Cu
Cu
Cu
Cu
Cu
Cu

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
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Table A.2: Identified Lines of Nitrogen, Oxygen, and
Hydrogen in the Lightning Spectrum
Wavelength (Å)
3919.00
3938.51
3954.36
3955.95
3973.26
3995.00
4026.08
4035.08
4041.31
4043.53
4073.05
4097.36
4103.39
4124.08
4133.67
4145.77
4157.00
4171.60
4173.56
4176.16
4199.97
4200.07
4227.73
4236.93
4237.05
4241.76
4241.79
4276.00
4291.00
4303.00
4319.00
4325.76

Atomic Identification Line Characteristic
N II
N III
O II
N II
O II
N II
N II
N II
N II
N II
N II
N III
N III
N II
N II
N II
N II
N II
N II
N II
N II
N III
N II
N II
N II
N II
N II
O II
O II
O II
O II
O II

New Line
N

N
N

N

bl
bl
bl
bl
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4327.47
4327.85
4328.59
4349.00
4366.89
4369.28
4378.73
4403.00
4417.10
4432.73
4447.03
4467.00
4477.00
4488.00
4507.00
4530.41
4552.25
4514.85
4591.00
4601.48
4607.15
4608.09
4613.87
4621.39
4630.54
4641.85
4649.14
4661.00
4678.14
4699.00
4704.00
4718.38
4779.72
4788.14
4803.29
4858.98

O II
O II
O II
O II
O II
O II
O II
?
N II
N II
N II
O II
O II
O II
?
N II
N II
N III
O II
N II
N II
N II
N II
N II
N II
N II
O II
O II
N II
O II?
O II?
N II
N II
N II
N II
N III

bl

N

N
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4867.12
4890.00
4895.11
4907.00
4924.00
4941.06
4943.00
4970.23
4955.71
5001.11
5001.47
5005.15
5023.05
5045.10
5073.59
5104.45
5168.05
5173.39
5179.52
5190.38
5206.00
5320.20
5320.82
5320.96
5338.73
5340.21
5351.23
5452.07
5454.22
5462.58
5478.09
5480.05
5495.66
5526.23
5530.24
5535.35

N III
O II
N II
O II
O II
O II
O II
N II
O II
N II
N II
N II
N II
N II
N II
N II
N II
N II
N II
N II
O II
N II
N III
N II
N II
N II
N II
N II
N II
N II
N II
N II
N II
N II
N II
N II

N

N
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5543.47
5551.92
5552.67
5592.37
5666.63
5679.56
5686.21
5710.77
5730.66
5747.30
5747.52
5767.45
5927.80
5931.78
5941.65
5952.39
6155.98
6156.77
6158.18
6167.76
6242.41
6276.92
6340.58
6356.54
6357.58
6379.62
6453.60
6454.44
6455.98
6482.05
6496.58
6562.80
6610.56
6653.46
6656.51
6965.43

N II
N II
N II
O III
N II
N II
N II
N II
N II
N II
N II
N II
N II
N II
N II
N II
N II
N II
N II
N II
N II
N II
N II
N II
N II
N II
OI
OI
OI
N II
N II
Hα
N II
NI
NI
Ar I

bl
bl
bl

bl
bl
l
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7067.22
7156.70
7272.94
7383.98
7423.64
7442.30
7468.31
7503.87
7514.65
7635.10
7723.76
7771.94
7774.17
7775.39
7947.55
7950.80
8006.16
8014.79
8103.69
8115.31
8184.86
8188.01
8200.36
8216.34
8223.13
8242.39
8264.52
8408.21
8424.65
8446.25
8446.36
8446.76
8521.44
8567.74
8594.00
8629.24

Ar I
OI
AR I
AR I
NI
NI
NI
AR I
AR I
AR I
AR I
OI
OI
OI
OI
OI
AR I
AR I
AR I
AR I
NI
NI
N I?
NI
NI
NI
AR I
AR I
AR I
OI
OI
OI
AR I
NI
NI
NI

l
l
l

l
l
l

l
l
l

l
l
l
bl
bl
bl
l
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8655.88
8680.28
8683.40
8686.15
8703.25
8711.70
8718.84
8728.90
8747.37
8820.42
9045.88
9049.89
9060.48
9122.97
9187.45
9208.00
9266.01
9386.81
9392.79

NI
NI
NI
NI
NI
NI
NI
NI
NI
OI
NI
NI
NI
AR I
NI
NI
OI
NI
NI

l

158

APPENDIX G
REFERENCES

[1] Leon E Salanave. The optical spectrum of lightning. Science, 134:1395–1399,
1961.
[2] Martin A Uman. The peak temperature of lightning. Journal of Atmospheric
and Terrestrial Physics, 26(1):123–128, 1964.
[3] Richard E Orville. A Spectral Study of Lightning Return Strokes. PhD thesis,
The University of Arizona, 1966.
[4] Richard J. Boccippio Dennis J. Boeck William L. Buechler Dennis E. Driscoll
Kevin T. Goodman Steven J. Hall John M. Koshak William J. Mach Douglas M.
Stewart Michael F. Christian Hugh J., Blakeslee. Global frequency and distribution of lightning as observed fro space by the optical transient detector. Journal
of Geophysical Research: Atmospheres (1984–2012), 108(D1), 2003.
[5] Eugene Hecht. Optics. Addison-Wesley, 4th edition, 2002.
[6] RE Orville and LE Salanave. Lightning spectroscopy-photographic techniques.
Applied Optics, 9(8):1775–1781, 1970.
[7] LE Salanave, RE Orville, and CN Richards. Slitless spectra of lightning in the region from 3850 to 6900 angstroms. Journal of Geophysical Research, 67(5):1877–
1884, 1962.
[8] Melvin L Prueitt. The excitation temperature of lightning. Journal of Geophysical Research, 68(3):803–811, 1963.
[9] Martin A Uman, Richard E Orville, and Leon E Salanave. The density, pressure,
and particle distribution in a lightning stroke near peak temperature. Journal
of Atmospheric Sciences, 21:306–310, 1964.
[10] Martin A Uman and Richard E Orville. Electron density measurement in lightning from stark-broadening of hα. Journal of Geophysical Research, 69(24):5151–
5154, 1964.
[11] Martin A Uman. The conductivity of lightning. Journal of Atmospheric and
Terrestrial Physics, 26(12):1215–1219, 1964.
159

[12] Martin A Uman and Richard E Orville. The opacity of lightning. Journal of
Geophysical Research, 70(22):5491–5497, 1965.
[13] Richard E Orville and Martin A Uman. The optical continuum of lightning.
Journal of Geophysical Research, 70(2):279–282, 1965.
[14] Edmund Philip Krider. The design and testing of a photoelectric photometer
for selected lines in the spectrum of lightning. Master’s thesis, University of
Arizona., 1965.
[15] E Philip Krider. Time-resolved spectral emissions from individual return strokes
in lightning discharges. Journal of Geophysical Research, 70(10):2459–2460, 1965.
[16] Richard E Orville. Spectrum of the lightning dart leader. Journal of Atmospheric
Sciences, 32:1829–1837, 1975.
[17] Tom A Warner, Richard E Orville, Jl Marshall, and Kyle Huggins. Spectral
(600–1050 nm) time exposures (99.6µs) of a lightning stepped leader. Journal of
Geophysical Research: Atmospheres (1984–2012), 116(D12), 2011.
[18] C Weidman, A Boye, and L Crowell. Lightning spectra in the 850-to 1400-nm
near-infrared region. Journal of Geophysical Research, 94(D11):13249–13, 1989.
[19] Martin A Uman. The lightning discharge. Courier Dover Publications, 2001.
[20] Vladimir Rakov and Martin A Uman. Lightning: physics and effects. Cambridge
University Press, 2003.
[21] National
Institute
of
Standards
and
Technology
physics.nist.gov/PhysRefData/ASD/lines form.html, 2006.

(NIST).

[22] Jean Gallagher and Charlotte E Moore. Tables of spectra of hydrogen, carbon,
nitrogen, and oxygen atoms and ions. CRC press, 1993.
[23] Philip R Bevington and D Keith Robinson. Data reduction and error analysis
for the physical sciences, volume 2. McGraw-Hill New York, 1969.
[24] Bradley W Carroll and Dale A Ostlie. An introduction to modern astrophysics
and cosmology, volume 1. Addison-Wesley, 2006.
[25] F. Mandl. Statistical Physics, 2nd Edition. Wiley, 1991.
[26] Hans R Griem. Plasma spectroscopy. New York: McGraw-Hill, 1964, 1964.
[27] Richard L. Liboff. Introductory Quantum Mechanics. Addi, 3rd edition, 1997.
[28] M. Vecerra V. Cooray and V. Rakov. On the electric field at the tip of dart
leaders in lightning flashes. Journal of Atmospheric and Solar-terrestrial Physics,
71(12):1397–1404, 2009.

160

[29] K. J. Rambo G.H. Schnetzer M. Miki, V.A. Rakov and M.A. Uman. Electric
fields near triggered lightning channels measured with pockels sensors. Journal
of Geophysical Research, 107, 2002.
[30] J Ashkenazy, R Kipper, and M Caner. Spectroscopic measurements of electron
density of capillary plasma based on stark broadening of hydrogen lines. Physical
Review A, 43(10):5568, 1991.
[31] Hans R Griem. Spectral line broadening by plasmas. New York, Academic Press,
Inc.(Pure and Applied Physics. Volume 39), 1974. 421 p., 1, 1974.
[32] Martin A Uman. Determination of lightning temperature. Journal of Geophysical
Research, 74(4):949–957, 1969.
[33] Robert J Goldston and Paul H Rutherford. Introduction to Plasma Physics.
Taylor & Francis Group, 2000.
[34] Forrest R Gilmore. Equilibrium composition and thermodynamic properties of
air to 24,000* k. Rand Corporation, 1955.
[35] RE Orville. Lightning spectroscopy. In Lightning: Physics of Lightning, Volume
1 & 2, volume 1, page 281, 1977.
[36] Martin Uman. Lightning spectroscopy. In Lightning. New York: McGraw-Hill,
1969.
[37] Richard E Orville. A high-speed time-resolved spectroscopic study of the lightning return stroke: Part ii. a quantitative analysis. Journal of Atmospheric
Sciences, 25:839–851, 1968.
[38] Martin A Uman. Quantitative lightning spectroscopy. Spectrum, IEEE, 3(8):102–
110, 1966.
[39] Richard L Rairden and Gary R Swenson. New imaging spectrometer for auroral
research. In SPIE’s 1994 International Symposium on Optics, Imaging, and
Instrumentation, pages 221–231. International Society for Optics and Photonics,
1994.
[40] Samuel C Barden, James A Arns, and Willis S Colburn. Volume-phase holographic gratings and their potential for astronomical applications. Astronomical
Telescopes & Instrumentation, pages 866–876, 1998.
[41] Samuel C Barden, James A Arns, Willis S Colburn, and Williams Joel B.
Volume-phase holographic gratings and the efficiency of three simple volumephase holographic gratings. Publications of the Astronomical Society of the Pacific, 112(772):809–820, 2000.
[42] S Mandelstam. Excitation of the spectrum in a spark discharge. Spectrochimica
Acta, 15:255–271, 1959.
161

[43] BN Gorin and A ya Inkov. Investigation of a spark channel. Soviet PhysicsTechnical Physics, 7(3):235, 1962.
[44] Richard E Orville. Spectrum of the lightning stepped leader. Journal of Geophysical Research, 73(22):6999–7008, 1968.
[45] Hugh J Christian, Richard J Blakeslee, and Steven J Goodman. The detection of lightning from geostationary orbit. Journal of Geophysical Research: A,
94(D11):13329–13337, 1989.
[46] William J Koshak, Mike F Stewart, Hugh J Christian, James W Bergstrom,
John M Hall, and Richard J Solakiewicz. Laboratory calibration of the optical
transient detector and the lightning imaging sensor. Journal of Atmospheric an,
17(7):905–915, 2000.

162

